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PREFACE

This report describes a complex computer model for analysis of fluid flow

and solute or energy transport in subsurface systems. The user is cautioned

that while the model will accurately reproduce the physics of flow and transport

when used with proper discretization, it will give meaningful results only for

well-posed problems based on sufficient supporting data.

The user is requested to kindly notify the originating office of any errors

found in this report or in the computer program. Updates will occasionally be

made to both the report and the computer program to include corrections of

errors, addition of processes which may be simulated, and changes in numerical

algorithms. Users who wish to be added to the mailing list for updates may send

a request to the originating office at the following address:

Chief Hydrologist - SUTRA

U.S. Geological Survey

431 National Center

Reston, VA 22092

Copies of the computer program on tape are available at cost of processing

from:

U.S. Geological Survey

WATSTORE Program Office

437 National Center

Reston, VA 22092

Telephone: 703-860-6871

This report has been reviewed by the Public Affairs Office (AFESC/PA) and

is releasable to the National Technical Information Service (NTIS). At NTIS, it

will be available to the general public, including foreign nationals.
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ABSTRACT

SUTRA (Saturated-Unsaturated Transport) is a computer program which I

simulates fluid movement and the transport of either energy or dissolved w

substances in a subsurface environment. The model employs a two-dimensional

hybrid finite-element and integrated-finite-difference method to approximate

the governing equations that describe the two interdependent processes that

are simulated:

i fluid density-dependent saturated or unsaturated ground-water flow,

and either

2a) transport of a solute in the ground water, in which the solute may

be subject to: equilibrium adsorption on the porous matrix, and

both first-order and zero-order production or decay,

or,

2b) transport of thermal energy in the ground water and solid matrix of

the aquifer.

SUTRA provides, as the primary calculated result, fluid pressures and either

solute concentrations or temperatures, as they vary with time, everywhere in

the simulated subsurface system. SUTRA may also be used to simulate simpler

subsets of the above process.

% SUTRA flow simulation may be employed for areal and cross-sectional

modeling of saturated ground-water flow systems, and for cross-sectional

modeling of unsaturated zone flow. Solute transport simulation using SUTRA

mav be employed to model natural or man-induced chemical species transport in-

eluding processes of solute sorption, production and decay, and may be applied

vii

PRVOSPAGE

I L

-7-, -- . - . • . . . - .



to analyze ground-water contaminant transport problems and aquifer restoration

designs. In addition, solute transport simulation with SUTRA may be used for

modeling of variable density leachate movement, and for cross-sectional modeling

of salt-water intrusion in aquifers at near-well or regional scales, with either

dispersed or relatively sharp transition zones between fresh water and salt water.

SUTRA energy transport simulation may be employed to model thermal regimes in

aquifers, subsurface heat conduction, aquifer thermal energy storage systems,

geothermal reservoirs, thermal pollution of aquifers, and natural hydrogeologic

convection systems.

Mesh construction is quite flexible for arbitrary geometries employing

quadrilateral finite elements in Cartesian or radial-cylindrical coordinate

systems. The mesh may be coarsened employing 'pinch nodes' in areas where

transport is unimportant. Permeabilities may be anisotropic and may vary

both in direction and magnitude throughout the system as may most other

aquifer and fluid properties. Boundary conditions, sources and sinks may be

time-dependent. A number of input data checks are made in order to verify the

input data set. An option is available for storing intermediate results and

restarting simulation at the intermediate time. An option to plot results pro-

duces output which may be contoured directly on the printer paper. Options are

also available to print fluid velocities in the system, to print fluid mass and

solute mass or energy budgets for the system, and to make temporal observations

at points in the system.

Both the mathematical basis for SUTRA and the program structure are highly

general, and are modularized to allow for straightforward addition of new methods •

or processes to the simulation. The FORTRAN-77 coding stresses clarity and mod-

ularity rather than efficiency, providing easy access for eventual modifications.

viii
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* A

and density-gravitv terms which are involved in velocity calculation. Spurious

velocities can significantly add to the dispersion of solute or energy. This

false dispersion makes accurate simulation of all but systems with very low

vertical concentration or temperature gradients impossible, even with fine

vertical spatial discretization. Velocities as calculated in SUTRA, however,

are based on a new, consistent, spatial and temporal discretization, as intro- . Si

duced in this report. The consistently-evaluated velocities allow stable and

- °!

accurate transport simulation (even at steady state) for systems with large

vertical gradients of concentration or temperature. An example of such a

system that SUTRA successfully simulates is a cross-sectional regional model

of a coastal aquifer wherein the transition zone between horizontally flowing

fresh water and deep stagnant salt water is relatively narrow.

The time discretization used in SUTRA is based on a backwards finite-

difference approximation for the time derivatives in the balance equations.

Some non-linear coefficients are evaluated at the new time level of solution

by projection, while others are evaluated at the previous time level for non-

iterative solutions. All coefficients are evaluated at the new time level for

iterative solutions. S

The finite-element method allows the simulation of irregular regions with

irregular internal discretization. This is made possible through use of quad-

rilateral elements with four corner nodes. Coefficients and properties of the S

system may vary in value throughout the mesh. Manual construction and data pre-

paration for an irregular mesh requires considerable labor, and it may be worth-

while for the user to develop or obtain interactive software for this purpose S

in the event that irregular mesh construction is often required.
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also be used for modeling of variable density leachate movement, and for cross-

sectional modeling of salt-water intrusion in aquifers at both near-well or

regional scales with either dispersed or relatively sharp transition zones be---

tween fresh water and salt water. SUTRA energy transport simulation may be

employed to model thermal regimes in aquifers, subsurface heat conduction, aquifer

thermal energy storage systems, geothermal reservoirs, thermal pollution of

aquifers, and natural hydrrzeologic convection systems.

1.5 SUTRA Numerical Methods

SUTRA simulation is based on a hybridization of finite-element and inte-

grated-finite-difference methods employed in the framework of a method of S

weighted residuals. The method is robust and accurate when employed with

proper spatial and temporal discretization. Standard finite-element approxi-

mations are employed only for terms in the balance equations which describe S

fluxes of fluid mass, solute mass and energy. All other non-flux terms are

approximated with a finite-element mesh version of the integrated-finite-

difference methods. The hybrid method is the simplest and most economical 'S

approach which preserves the mathematical elegance and geometric flexibility

of finite-element simulation, while taking advantage of finite-difference

efficiency. S

SUTRA employs a new method for calculation of fluid velocities. Fluid

velocities, when calculated with standard finite-element methods for systems

with variable fluid density, may display spurious numerically generated compo-

nents within each element. These errors are due to fundamental numerical

inconsistencies in spatial and temporal approximations for the pressure gradient *
8
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Almost all aquifer material, flow, and transport parameters may vary in

value throughout the simulated region. Sources and boundary conditions of

fluid, solute and energy may be specified to vary with time or may be constant. S

SUTRA dispersion processes include diffusion and two types of fluid

velocity-dependent dispersion. The standard dispersion model for isotropic

media assumes direction-independent values of longitudinal and transverse dis- .

persivity. A velocity-dependent dispersion process for anisotropic media is

also provided and is introduced in the SUTRA documentation. This process

assumes that longitudinal dispersivity varies depending on the angle between -A

the flow direction and the principal axis of aquifer permeability when perme-

ability is anisotropic.

1.4 Some SUTRA Applications

SUTRA may be employed in one- or two-dimensional analyses. Flow and

transport simulation may be either steady-state which requires only a single

solution step, or transient which requires a series of time steps in the numer-

iPal solution. Single-step steady-state solutions are usually not appropriate

for non-linear problems with variable density, saturation, viscosity and non-

linear sorption.

SUTRA flow simulation may be employed for areal and cross-sectional

modeling of saturated ground-water flow systems, and unsaturated zone flow.

Some aquifer tests may be analyzed with flow simulation. SUTRA solute trans-

port simulation may be employed to model natural or man-induced chemical

specips transport including processes of solute sorption, production and decay.

Such simulation may be used to analyze ground-water contaminant transport prob-

lTmhs and aquifer restoration designs. SITRA solute transport simulation may

7
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1.3 SUTRA Processes

Simulation using SUTRA is in two space dimensions, although a three-

dimensional quality is provided in that the thickness of the two-dimensional

region in the third direction may vary from point to point. Simulation may be

done in either the areal plane or in a cross-sectional view. The spatial coor-

dinate system may be either Cartesian (x,y) or radial-cylindrical (r,z). Areal

simulation is usually physically unrealistic for variable-density fluid problems.

Ground-water flow is simulated through numerical solution of a fluid mass

balance equation. The ground-water system may be either saturated, or partly or

completely unsaturated. Fluid density may be constant, or vary as a function

of solute concentrations or fluid temperature.

SUTRA tracks the transport of either solute mass or energy in the flowing

ground water through a unified equation which represents the transport of either

solute or energy. Solute transport is simulated through numerical solution of

a solute mass balance equation where solute concentration may affect fluid den-

sity. The single solute species may be transported conservatively, or it may "

undergo equilibrium sorption (through linear, Freundlich or Langmuir isotherms). B

In addition, the solute may be produced or decay through first- or zero-order -

processes.

Energy transport is simulated though numerical solution of an energy bal-

ance equation. The solid grains of the aquifer matrix and fluid are locally

assumed to have equal temperature, and fluid density and viscosity may be

affected by the temperature.

_0

t°)
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The SUTRA model stresses general applicability, numerical robustness and

accuracy, and clarity in coding. Computational efficiency is somewhat dimin-

ished to preserve these qualities. The modular structure of SUTRA, however -

allows implementation of any eventual changes which may improve efficiency.

Such modifications may be in the configuration of the matrix equations, in the

solution procedure for these equations, or in the finite-element integration -

routines. Furthermore, the general nature and flexibility of the input data

allows easy adaptability to user-friendly and graphic input-output programming.

The modular structure would also ease major changes such as modifications for

multi-layer (quasi-three-dimensional) simulations, or for simultaneous energy

and solute transport simulations.

SUTRA is primarily intended for two-dimensional simulation of flow, and 0

either solute or energy transport in saturated variable-density systems. While

unsaturated flow and transport processes are included to allow simulation of

some unsaturated problems, SUTRA numerical algorithms are not specialized for 0

the non-linearities of unsaturated flow as would be required of a model simu-

lating only unsaturated flow. Lacking these special methods, SUTRA requires

fine spatial and temporal discretization for unsaturated flow, and is therefore '

not an economical tool for extensive unsaturated flow modeling. The general

unsaturated capability is implemented in SUTRA because it fits simply in the

structure of other non-linear coefficients involved in density-dependent flow S

and transport simulation without requiring special algorithms. The unsaturated

flow capability is thus provided as a convenience to the user for occasional

analyses rather than as the primary application of this tool. S

5
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This report describes the physical-mathematical basis and the numerical

methodology of the SUTRA computer code. The report may be divided into three

levels which may be read depending on the reader's interest. The overview of

simulation with SUTRA and methods may be obtained from Chapter I - Introduction.

The basis, at a fundamental level, for a reader who will carry out simulations

with SUTRA may be obtained by additional reading of: Chapter 2 - Physical-

Mathematical Basis of SUTRA Simulation, which gives a complete and detailed

description of processes which SUTRA simulates and also describes each physical

parameter required by SUTRA input data, Chapter 3 - Fundamentals of Numerical

Algorithms, which gives an introduction to the numerical aspects of simulation

with SUTRA, Chapter 6 - Simulation Examples, and Chapter 7 - Simulation Setup

which includes the SUTRA Input Data List. Finally, for complete details of SUTRA

methodology, the following additional sections may be read: Chapter 4 - Numerical

Methods, and Chapter 5 - Other Methods and Algorithms. Chapter 4 provides the

detail upon which program modifications may be based, while portions of Chapter 5

are valuable background for certain simulation applications.
•kI.

1.2 The Model

SUTRA is based on a general physical, mathematical and numerical struc-

ture implemented in the computer code in a modular design. This allows straight-

forward modifications and additions to the code. Eventual modifications may be,

for example, the addition of non-equilibrium sorption (such as two-site models),

equilibrium chemical reactions or chemical kinetics, or addition of over- and

underburden heat loss functions, a well-bore model, or confining bed leakage.

4 . -,



Chapter 1

Introduction

1.1 Purpose and Scope

SUTRA (Saturated-Unsaturated Transport) is a computer program which

simulates fluid movement and transport of either energy or dissolved substances

in a subsurface environment. The model employs a two-dimensional hybrid finite-

element and integrated-finite-difference method to approximate the governing

equations that describe the two interdependent processes that are simulated:

I) fluid density-dependent saturated or unsaturated ground-water flow, _

and either

2a transport of a solute in the ground water, in which the solute may

be subject to: equilibrium adsorption on the porous matrix, and

both first-order and zero-order production or decay,

or,

2b) transport of thermal energy in the ground water and solid matrix of

the aquifer.

SUTRA provides, as the primary calculated result, fluid pressures and either

solute concentrations or temperatures, as they vary with time, everywhere in

the simulated subsurface system. SUTRA may also be used to simulate simpler

subsets of the above processes.

*E
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'Pinch nodes' may be introduced in the finite-element mesh to allow for

quick changes in mesh size from a fine mesh in the region where transport is of

primary interest, to the external region, where only a coarse mesh is needed to

define the flow system. Pinch nodes, although simplifying mesh design and re-

. ducing the number of nodes required in a particular mesh, also increases the

matrix equatka band width. Because SUTRA employs a band solver, the increased

band width due to the use of pinch nodes may offset the gain in computational

efficiency due to fewer nodes. Substitution of a non-band-width-dependent

solver would guarantee the advantage that pinch nodes can provide. However,

mesh designs employing pinch nodes may be experimented with, using the present

solver.

SUTRA includes an optional numerical method based on asymmetric finite

element weighting functions which results in 'upstream weighting' of advective

transport and unsaturated fluid flux terms. Although upstream weighting has

typically been employed to achieve stable, non-oscillatory solutions to trans-

port problems and unsaturated flow problems, the method is not recommended for

general use as it merely changes the physical system being simulated by in-

creasing the magnitude of the dispersion process. A practical use of the method

is, however, to provide a simulation of the sharpest concentration or temperature

variations possible with a given mesh. This is obtained by specifying a simula-

tion with absolutely no physical diffusion or dispersion, and with 50% upstream

weighting. The results may be interpreted as the solution with the minimum

amount of dispersion possible for a stable result in the particular mesh in use.

In general simulation analyses of transport, upstream weighting is dis-

couraged. The non-upstrpam methods are also provided by SUTRA, and are based

i. .



on svmmetric weighting functions. These methods are robust and accurate when

the finite-element mesh is properly designed for a particular simulation, and

are those which should be used for most transport simulations.

1.6 SUTRA as a Tool of Analysis

SUTRA will provide clear, accurate answers only to well-posed, well-

defined, and well-discretized simulation problems. In less-well-defined

systems, SUTRA simulation can help visualize a conceptual model of the flow

and transport regime, and can aid in deciding between various conceptual models.

In such less-well-defined systems, simulation can help answer questions such as:

Is the (inaccessible) aquifer boundary which is (probably) ten kilometers offshore 0

either leaky or impermeable? How leaky? Does this boundary affect the primary

analysis of onshore water supply?

SUTRA is not useful for making exact predictions of future responses of -
the typical hydrologic systems which are not well defined. Rather, SUTRA is

useful for hypothesis testing and for helping to understand the physics of

such a system. On the other hand, developing an understanding of a system based Ak

on simulation analysis can help make a set of worthwhile predictions which are - -

predicated on uncertainty of both the physical model design and model parameter

values. In particular, transport simulation which relies on large amounts of .

dispersion must be considered an uncertain basis for prediction, because of the

highly idealized description inherent in the SUTRA dispersion process.

A simulation-based prediction made with certainty is often inappropriate,

and an "if-then" prediction is more realistic. A reasonable type of result of

*SFTRA simulation analysis may thus be: "Based on the uncertainty in location

4 5"



and type of boundary condition A, and uncertainty in the distribution of values

for parameters B and C, the following predictions are made. The extreme, but

reasonable combination of A, B, and C results in prediction X; the opposite

reasonable extreme combination of A, B, and C results in prediction Y; the

combination of best estimates of A, B, and C, results in prediction Z, and is

considered most likely."

In some cases, the available real data on a system may be so poor that a

simulation using SUTRA is so ambiguously defined that no prediction at all can

be made. In this instance, the simulation may be used to point out the need for

particular types of data collection. The model could be used to advantage in

visualizing possible regimes of system behavior rather than to determine which

is accurate.

12
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- Chapter 2

Physical-Mathematical Basis of SUTRA Simulation

The physical mechanisms which drive thermal energy transport and solute

transport in the subsurface environment are described by nearly identical mathema-

tical expressions. SUTRA takes advantage of this similarity, and with a simple

program structure provides for simulation of either energy or solute transport.

In fact, SUTRA simulation combines two physical models, one to simulate the flow

of ground water, and the second to simulate the movement of either thermal energy

or a s;ingle solute in the ground water.

The primary variable upon which the flow model is based is fluid pressure,

p[M/(L-s2 ) p(x,y,t). Pressure may vary spatially in the ground-water

system, as well as with time. Pressure is expressed as a combination of fluid

'- mass units, [M), length units iL, and time units in seconds, [s). Fluid den-

sitv may vary depending on the local value of fluid temperature or solute con-

centration. Variation in fluid density, aside from fluid pressure differences,

may itself drive flows. The effects of gravity acting on fluids with different

density must therefore be accounted for in the flow field.

rhe flow of ground water, in turn, is a fundamental mechanism upon which

the physical models of energy transport and solute transport are based. The

primary variable characterizing the thermal energy distribution in a ground-

water system is fluid temperature, T["CI = T(x,y,t), in degrees Celcius, which

may vary spatially and with time. The primary variable characterizing the state

ot solute distribution in a ground-water system is solute mass fraction,

c1Ms/MJ = C(lx,y,t), which may also vary spatially and with time. The units are

a rat i, of -olute mass, [M,; to fluid mass, [MI. The term 'solute mass fraction'
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may be used interchangeably with 'solute concentration', and no difference should

be implied. Note that 'solute volumetric concentration', ctMs/Lf3J, (mass

of solute, Ms , per volume of fluid, Lf
3), is not the primary variable

characterizing solute transport referred to either in this report or in output

from the SUTRA model. Note that the measure of solute mass [Ms] may be in

units such as [mg], [kg], [moles], or [lbm], and may differ from the measure,

[M], of fluid mass.

SUTRA allows only the transport of either thermal energy or a single

solute to be modeled in a given simulation. Thus, when simulating energy trans-

port, a constant value of solute concentration is assumed in the ground water.

When simulating solute transport, a constant ground-water temperature is assumed.

SUTRA simulation is carried out in two space dimensions with parameters

varying in these two directions. However, the region of space to be simulated

may be defined as three dimensional, when the assumption is made that all SUTRA

parameters and coefficients have a constant value in the third space direction.

A SUTRA simulation may be carried out over a region defined over two space

coordinates (x,y) in which the thickness of the region measured in the third co-

ordinate direction (z) varies depending on (x,y) position.

2.1 Physical Properties of Solid Matrix and Fluid

Fluid physical properties

The ground-water fluid density and viscosity may vary depending on pressure,

temperature and solute concentration. These fundamental variables are defined

as follows:

p16
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1(x,v.t) IM/(L's 2 ) fluid pressure

T(x.yt) I"CI fluid temperature (degrees Celcius)

C(xy,t) iMs/MI fluid solute mass fraction
(or solute concentration) (mass
solute per mass total fluid)

As a point of reference, the 'solute volumetric concentration' is defined in

terms of fluid density. P:

3c(x,yt) IM /L I solute volumetric concentrations fq

(mass solute per volume total fluid)

D(x,v.t) IMiL3 fluid density

c oC (2.1)

= ow + c (2.2)

Total fluid density is the sum of pure water density, Pw, and c. Note again

that 'solute concentration' refers to solute mass fraction, C. and not c.

Fluid density, while a weak function of pressure is primarily dependent upon .S

fluid solute concentration and temperature. The approximate density models

employed by SUTRA are first order Taylor expansions about a base (reference)

density other density models may be substituted through minor modifications to

the program. For energy transport:

= o(T) P + L" (T - T ) (2.3)
o aT o

0 IM/Lf I base fluid density at T-1.

To  VCI base fluid temperature

where Po is the base fluid density at a base (reference) temperature of To ,

and ao/aT is a constant value of density change with temperature. For the

17
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range 20C to 600 C, pIaT is approximately -.375 lkg/(m 3 .UC)J; however,

this factor varies and should be carefully chosen for the temperature range

of interest. AP

For solute transport:

p P(C) P + (C - C ) (2.4)

3
P [IM/L base fluid density at C-C

0f 0

C [N/MI base fluid solute concentration
0 S

where po is the base fluid density at base concentration, Co . (Usually,

Co = 0, and the base density is that of pure water.) The factor Jp/C is

a constant value of density change with concentration. For example, for mix-

tures of fresh and sea water at 20'C, when C is the mass fraction of total

dissolved solids, C. - 0, and po 998.2 lkg/m 3 J, then the factor, ap/aC,

is approximately 700. [kg/m 3 ].

Fluid viscosity, p [M/LfrsI, is a weak function of pressure and of con-

centration, (for all except very high concentrations), and depends primarily on

fluid temperature. For energy transport the viscosity of pure water is given

in m-k-s units by:

248. 37
-7 T+133.1 5)

PM) (219.4 x 10 toI0 [kg/(m-s)l (2.5)

(The units may he converted to those desired via a scale factor in the program

input data.)

For solute, transport, vLscosity is taken to be constant. For example, at 20"C

in m-k-s units:

P( II = " .( x 1()-  Ig/( s (2.6)
"IT m 6

18
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Properties of fluid within the solid matrix

The total volume of a porous medium is composed of a matrix of solid grains

typically of solid earth materials, and of void space which includes the entire

remaining volume which the solid does not fill. The volume of void space may be

fully or partly filled with gas or liquid, and is commonly referred to as the

pore volume. Porosity is defined as a volume of voids in the soil matrix per

total volume of voids plus matrix:

E(x,y,t) [11 porosity
(volume of voids per total volume)

where [il indicates a limensionless quantity.

It should be noted that SUTRA employs only one type of porosity, c. In

some instances there may be need to distinguish between a porosity for pores

which take part in fluid flow, and pores which contain stagnant fluid. (Mod-

ifications may be made by the user to include this process.)

The fraction of total volume filled by the fluid is ESw where:

Sw(XYt) 111 water saturation (saturation) "
(volume of water per volume of voids)

When Sw = 1, the void space is completely filled with fluid and is said to

be saturated. When Sw < 1, the void space is only partly water filled and

is referred to as being unsaturated.

When Sw < 1, water adheres to the surface of solid grains by surface ten-

sion effects, and the fluid pressure is less than atmospheric. Fluid pressure,

p, is measured with respect to background or atmospheric pressure. The negative

pre;sure is defined as capillary pressure, which exists only for p < 0:

19
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2
Pc(X,y,t) [M/(Ls capillary pressure

Pc -p when p < 0 (.

PC = 0 when p 1 0 (2.7)

In a saturated porous medium, as fluid (gauge) pressure drops below zero, air

may not directly enter the void space, but may enter suddenly when a critical

capillary pressure is reached. This pressure, Pcent, is the entry pressure

(or bubble pressure):

Pcent [M/(L-s2)] entry capillary pressure

Typical values for Pcent range from about 1. x 103 [kg/(m's2)I for coarse

sand to approximately 5. x 103 [kg/(m.s 2)] for fine silty sand.

The relationship between fluid saturation and capillary pressure in a given

medium is typically determined by laboratory experiment, and except for the

portion near bubble pressure, tends to have an exponential character (Figure 2.1).

Different functional relationships exists for different materials as measured in

the laboratory. Also a number of general functions with parameters to be fitted

to laboratory data are available. Because of the variety of possible functions,

no particular function is set by SUTRA; any desired function may be specified

for simulation of unsaturated flow. For example, a general function with three p
fitting parameters is (Van Genuchten, 1980):

w wres wresi n (2a8)
=5 + ~wres I + (apnJ(r)(28

20 W
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Figure 2. 1
Saturation-capillary pressure relationship (schematic).
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where Swres is a residual saturation below which saturation is not expected to

fall (because the fluid becomes immobile), and both a and n are parameters. The

values of these parameters depend upon a number of factors and must be carefully

chosen for a particular material.

The total mass of fluid contained in a total volume, VOL, of solid matrix

plus pore space is (ESwP)VOL. The actual amount of total fluid mass contained

depends solely on fluid pressure. p, and solute concentration, C, or fluid temp-

erature, T. A change in total fluid mass in a volume, assuming VOL is constant,

is expressed as follows:

a(rS p) a(ES P)
VOL-d(cS p) = VOL [ w dp w dUl (2.9)

where U represents either C or T. Saturation, Sw, is entirely dependent on

fluid pressure, and porosity, c, does not depend on concentration or temperature:

as
VOL~adEP) as = O-[-

VOLwd(S p) VOL.H p + p w)dp + cS 2- dU] (2.10)w w ap apW au

The factor, JS ap, is obtained by differentiation of the chosen saturation-

capillary pressure relationship. For the example function given as (2.8),

dS a(n-I) aP n1
w ~wres). (~ %

I + (aP)n(2.11)

The factor, dp/dU, is a constant value defined by the assumed density models,

given hN equations (2.3) and (2.4).

Aquifer storativity under fully saturated conditions is related to the

f,i t or, ,( p)/ p, by definition, as follows (Bear, 1979):

2
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dp op 2 12)

where:

.AVOL -:.7

op VOL Ap _,

.) -1 "

S (x,y) [M/(L's2)1 specific pressure storativitv
op

The specific pressure storativity, SOP' is the volume of water released from

saturated pore storage due to a unit drop in fluid pressure per total solid ma-

trix plus pore volume. Note that the common specific storativity, So [L1 J,11

which when multiplied by confined aquifer thickness gives the well known storage

coefficient, Sill, is related to Sop as, So  pIgISop, where IgI[L/s 2 ]

is the magnitude of the gravitational acceleration vector. The common specific

storativity, SO , is analagous to specific pressure storativity, SOP, used in

SUTRA, except that SO expresses the volume of water released from pore storage j
due to a unit drop in piezometric head.

SUTRA employs an expanded form of the specific pressure storativity based

on fluid and bulk porous matrix compressibilities. The relationship is

obtained as follows by expanding equation (2.12)

P S op P ap + dp (2.i4)

--- +.-

The coefficient of compressibility of water is defined by 5

I B 1 (2.15)
p dp

[ sI ' ) fluid compressibility

23
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which allows the last term of (2.14) to be replaced by coO. For pure water at

20,B4- 10 2 -1 i
2O°C, B~4.47 X 10 [kg/(ms )]. As the volume of solid grains VOL , in a

S

volume, VOL, of porous solid matrix plus void space is VOL (1-)VOL, the .S

factor, aE/ap, may be expressed as:

E (!-E) a(VOL) (2 16)
ap VOL ap

which assumes that individual solid grains are relatively incompressible.

The total stress at any point in the solid matrix-fluid system is the sum of -

effective (intergranular) stress, a' [M/(Ls 2 )], and fluid pore pressure, p.

In systems where the total stress remains nearly constant, do' - dp, and

any drop in fluid pressure increases intergranular stress by a like amount.

This consideration allows (2.16) to be expressed in terms of bulk porous matrix

compressibility, as: ac/ap = (l-)a, where

I J(VOL) (2.17) .,e -VOL 30'

[M/(L-s2 )]-l porous matrix compressibility

IM/(L-s intergranular stress 'S

Factor a ranges from a - 10 lkg/(ms for sound bedrock to about

S10 - 7 [kg/(ms 2 )) -1 for clay. Thus equation (2.14) may be rewritten as

pS = p(l-E)Q + EpB, and, in effect, the specific pressure storativity,op

S op, is expanded as:
opi

S - (l-E)a + ES (2.18)op

A more thorough discussion of storativity is presented by Bear (1979).
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e cT (2.27a)
W w

e c T (2.27b)
S S

c [E/(M G'C)l solid grain specific heat

(c - 8.4 x 10-iJ/(kg-'C)]
for sandsto-- at 20'C)

An expanded form of the solid matrix-fluid energy balance is obtained bv sub-

stitution of (2.27a,b) and (2.26) into (2.25). This yields:

- Sw w + (I-E)p c IT + V-(tS Pc vT)
Jt kSC s S w w-

- V. [S ,k + (1-E)k I I + ES pc Dj'VT] (2.28)
- Ww W = w w= -

* w W=

- Q cT + ES p7 + (l-e)p y
pwW 0 S 0

2.4 Description of Solute Transport in Ground Water

Subsurface solute transport mechanisms

Solute mass is transported through the porous medium by flow of ground

water (solute advection) and by molecular or ionic diffusion, which while small

on a field scale, carries solute mass from areas of high to low concentrations.
S

The actual flow velocities of the ground water from point to point in three-

dimensional space of an aquifer may vary considerably about an average, uniform

two-dimensional velocity, v, which is calculated from Darcv's law (2.22). As

the true, not-average, velocity field is usually too complex to measure in real

svstpms, an additional transport mechanism approximating the effects of mixing

of waters with different concentrations moving both faster and slower than the

average velocity, v(x,v,t), is hypothesized. This mechanism, called solute

dispersion, is employed In SUTRA as the best currently available, though ap-

proximate, description of the mixing process. In the simple dispersion model

38
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D(x,V,t) L 2/s] dispersion tensor (2 X 2)

T (x,y,t) [(00 temperature of source fluid

yW(x,y,t) IE/M'sJ energy source in fluid -.

0

y S(xvt) [E/MG' s energy source in solid grains
0 G

The time derivative expresses the total change in energy stored in both the solid

matrix and fluid per unit total volume. The term involving v expresses contribu-

tions to locally stored energy from average-uniform flowing fluid (average energy

advection). The term involving bulk thermal conductivity, k, expresses heat

conduction contributions to local stored energy and the term involving the dis-

persivitv tensor, D, approximately expresses the contribution of irregular flows

and mixing which are not accounted for by average energy advection. The term

involving pQ accounts for the energy added by a fluid source with temperature,

T The last terms account for energy production in the fluid and solid, re-

spectively, due to endothermic reactions, for example.

While more complex models are available and may be implemented if desired,

SUTRA employs a volumetric average approximation for bulk thermal conductivity,

X S k + (1-C)k (2.26)
w w s

[E/(s'L'OC)J fluid thermal conductivity
w (k - 0.6 [J/(s-m'0 C)] at 20'C)

w .

k IE/(s'L'0 C)J solid thermal conductivity
S (k - 3.5 [J/(s-m-C)J at 200C

for sandstone)

The specific energy content (per unit mass) of the fluid and the solid

matrix depends on temperature as follows:
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Solid matrix-fluid energy balance

The simulation of energy transport provided by SUTRA is actually a calcu-

lation of the time rate of change of the amount of energy stored in the solid

matrix and fluid. In any particular volume of solid matrix plus fluid, the

amount of energy contained is Sw pe w + (l-r)p se ]VOL, where
SS

e [E/M] energy per unit mass water

e [E/M G energy per unit mass solid matrix

p [M G/L density of solid grain in solid matrix
s~ GG

2 2and where (E] are energy units [M-L /s21.

The stored energy in a volume may change with time due to: ambient water with a

different temperature flowing in, well water of a different temperature injected,

changes in the total mass of water in the block, thermal conduction (energy

diffusion) into or out of the volume, and energy dispersion in or out.

This balance of changes in stored energy with various energy fluxes is

expressed as follows:

[ESwPe + (1-)P e
ww-!- - - V*(rS pe v) + V'[.RIVT

a w ws(2

+ V'[ESwpcD.VTJ + Q c T + ESP p ° + (l-)p y°  (2.25)
w ap w 0 s 0

k(x,y,t) [E/(s-L'0 C)I bull thermal conductivity of solid
matrix plus fluid

I [1] identity tensor (ones on diagonal,
zeroes elsewhere) (2x2)

c [E/(M 0 C)1 specific heat qf water

(c -4.182 X 10 [J/(kg.°C)] at 200C)
w

36

-



2. Description of Energy Transport in Ground Water

Subsurface energy transport mechanisms

Energy is transported in the water-solid matrix system by flow of ground

water, and by thermal conduction from higher to lower temperatures through both

the fluid and solid. The actual flow velocities of the ground water from point

to point in the three-dimensional space of an aquifer may vary considerably

about an average two-dimensional velocity uniform in the z-direction, v(x,y.t),

calculated from Darcv's law (2.22). As the true, not-average, velocity field is

usually too complex to measure in real systems, an additional transport mechanism

approximating the effects of mixing of different temperature ground waters

moving both faster and slower than average velocity, v, is hypothesized. This

mechanism, called energy dispersion, is employed in SUTRA as the best currently

available, though approximate description, of che mixing process. In the simple

dispersion model employed, dispersion, in effect, adds to the thermal conductivity S

vaLue of the fluid-solid medium in particular directions dependent upon the

direction of fluid flow. In other words, mixing due to the existence of non-

uniform, nonaverage velocities in three dimensions about the average-uniform

flow. V. is conceptualized in two dimensions as a diffusion-like process with

anisotropic diffusivities.

The model has, in tact, been shown to describe transport well in purely

homogeneous porous media with uniform one-dimensional flows. In heterogeneous

field siruations with non-uniform flow in, for example, irregular bedding or

fractures, the model holds only at the pre-determined scale at which dispersivi-

rips are calibrated and it must be considered as a currently necessary approxi-

mation, and be caretullv applied when extrapolating to other scales of transport.
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of pure solute mass not associated with a fluid source. In most cases, this

contribution to the total mass is small compared to the total pure water mass

contributed by fluid sources, Q . Pure solute sources, T, are therefore
p

neglected in the fluid mass balance, but may be readily included in SUTRA for

special situations. Note that solute mass sources are not neglected in the

solute mass balance, which is discussed in section 2.4.

While (2.22) is the most fundamental form of the fluid mass balance, it is

necessary to express each mechanism represented by a term of the equation, in

terms of the primary variables, p, C, and T. As SUTRA allows variation in only

one of C or T at a time, the letter U is employed to represent either of these

quantities. The development from equation (2.9) to (2.18) allows the time der-

Ivative in (2.22) to be expanded:

a(ts w p) .(S Ps + U + ( CS 2) 2u (2.23)
at o ar at wau at

While the concepts upon which specific pressure storativity, S is based, doop'-

not exactly hold for unsaturated media, the error introduced by summing the

storativity term with the term involving (aS /ap) is insignificant as
w

(as lap) >>> S ..
w op

The exact form of the fluid mass balance as implemented in SUTRA is obtained

from (2.22) by neglecting T, substituting (2.23) and employing Darcy's law,

(2.19), for v:

as je a 2U i k
SwPSoP + + S- " ' )(P-P4 (2.24)

Qp
- .S

p0
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Fluid mass balance

The "so-called" flow simulation provided by SUTRA is in actuality a calcul-

ation of how the amount of fluid mass contained within the void spaces of the S

solid matrix changes with time. In a particular volume of solid matrix and void

space, the total fluid mass (ES p)*VOL, may change with time due to: ambient
w

ground-water inflows or outflows, injection or withdrawal wells, changes in S

fluid density caused by changing temperature or concentration, or changes in

saturation. SUTRA flow simulation is, in fact, a fluid mass balance which keeps

track of the fluid mass contained at every point in the simulated ground-water

system as it changes with time due to flows, wells, and saturation or density

changes.

The fluid mass balance is expressed as the sum of pure water and pure S

solute mass balances for a solid matrix in which there is negligible net

movement:

a(ES p) 5
w - o(Swv) + Qp + T (2.22)
at w- p

where:

Qp(x,y,t) IM/(L 3 s)} fluid mass source (including pure 5
water mass plus solute mass dissolved

in source water)

3
T (x,y,t) IM /(L• S)J solute mass source (e.g., dissolution

of solid matrix or desorption)

The term on the left may be recognized as the total change in fluid mass con-

tained in the void space with time. The term involving V represents contributions

to local fluid mass change due to excess of fluid inflows over outflows at a

point. The fluid mass source term, Q , accounts for external additions of fluid
p

including pure water mass plus the mass of any solute dissolved in the source

fluid. The pure solute mass source term, T, may account for external additions
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Relative permeability-saturation relationship (schematic).

32



saturation, S to a value of one at saturation, S = 1. A relative permea-
wres' w

bility-saturation relationship (Figure 2.3) is typically determined for a par-

ticular solid matrix material in the laboratory as is the relationship, Sw (p )..

Relative permeability is assumed in SUTRA to be independent of direction in the

porous media.

SUTRA allows any desired function to be specified which gives the relative .

permeability in terms of saturation or pressure. A general function, for ex-

ample, based on the saturation-capillary pressure relationship given as an example j

in (2.8) is (Van Genuchten, 1980):

k= S I [ J1 
- (2.21a)

where the a dimensionless saturation, S , is given by:
w -

s - s...
S w wres (2.21b)

wre s

Flow in the gaseous phase that fills the remaining void space not con-

taining fluid when S < 1 is assumed not to contribute significantly to total
w

solute or energy transport which is due primarily to fluid flow and other trans-

port processes through both fluid and solid matrix. Furthermore it is assumed

that pressure differences within the gas do not drive significant fluid flow.

These assumptions are justified in most common situations when gas pressure

is approximately constant throughout the solid matrix system. Should gas pres-
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m and k respectively, and the length of any radius is kL, where k is the
mnax min

effective permeability for flow along that direction. Only, k , k mi, andmax m-m_

0, the angle between the x-axis and the maximum direction x need be specified
p

to define the permeability, k, in any direction, where:

k max (x,v) IL 2 ]  absolute maximum value of permeability

k . (x,v) IL absolute minimum value of permeability

-(x,v) ("I angle from +x-coordinate axis to di-

rection of maximum permeability, x
P

In the case of isotropic permeability, k = k m , and 0 is arbitrary.max min

The discussion of isotropic and anisotropic permeability, t, applies as

well to flow in an unsaturated solid matrix, S < 1, although unsaturated flow
w

has additional unique properties which require definition. When fluid capillary

pressure, Pc, is less than entry capillary pressure, pcent' the void space is

saturated S 1 -, and local porous medium flow properties are not pressure-W

dependent but depend only on void space geometry and connectivity. When

Pc > Pcent' then air or another gas has entered the matrix and the void space

is only partly fluid filled, S < 1. In this case, the ease with which fluid
w

can pass through the solid matrix depends on the remaining cross-section of

well-connected fluid channels through the matrix, as well as on surface tension

forces at fluid-gas, and fluid-solid interfaces. When saturation is so small

such that no interconnected fluid channels exist and residual fluid is scattered

about and tightly bound in the smallest void spaces by surface tension, flow

ceases entirely. The relative permeability to flow, k , which is a measure
r

of this behavior, varies from a value of zero or near-zero at the residual fluid

3 0
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Figure 2.2
Definition of anisotropic permeability and effective

permeability, k.
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Permeability, k, describes ease of fluid flow in a saturated solid matrix.

When permeability to flow in a particular small volume of solid matrix differs

depending upon in which direction the flow occurs, the permeability is said to

be anisotropic. Direction-independent permeability is called isotropic. It is

commonly assumed that permeability is the same for flow forward or backward

along a particular line in space. When permeability is anisotropic. there is

always one particular direction, x , along which permeability has an absolute
p

maximum value, k [L2 . Somewhere in the plane perpendicular to the 'maximum
max

direction' there is a direction, x., in which permeability has the absolute
2m

minimum value, ki[L2 ], which exists for the particular volume of solid matrix.

Thus, in two dimensions, there are two principal orthogonal directions of

* anisotropic permeability. Both principal directions, x and x , are assumed top

be within the (x,y) plane of the two-dimensional model.

The permeability tensor, k, of Darcy's law, equation (2.19) has four com-

ponents in two dimensions. These tensorial components have values which depend

on effective permeabilities in the x and y coordinate directions which are not

necessarily exactly aligned with the principal directions of permeability. The

fact that maximum and minimum principal permeability values may change in both

value and direction from place to place in the modeled region makes the calcu-

lation of the permeability tensor, which is aligned in x and y, complex. The

required coordinate rotations are carried out automatically by SUTRA according

to the method described in section 5.1, "Rotation of Permeability Tensor".

r* - An anisotropic permeability field in two dimensions is completely described

* by the values k and k and the angle orienting the principal directions,
max min~

x and xm, to the x and y directions through the permeability ellipse shown in
p

Figure 2.2. The semi-major and semi-minor axes of the ellipse are defined as
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As a point of reference, in order to relate the general form of Darcy's

law, (2.19a), back to a better-known form dependent on hydraulic head, the

dependence of flow on density and saturation must be ignored. When the solid

matrix is fully saturated, Sw = 1, the relative permeability to flow is unity

kr 1. When, in addition, fluid density is constant, the right side of

(2.19a) expanded by (2.19b) may be multiplied and divided by pjgl:

v [V (,) + V (ELEVATION)] (2 .20a)

The hydraulic conductivity, K (x,y,t) [L/s], may be identified in this equation

as, F=(kpIyj)/1; pressure head, h (x,y,t) [LI, is h = p/(pI [). Hydraulic
p 

p

head, h(x,y,t) [I., is h = h + ELEVATION. Thus, for constant density,
p

saturated flow:

v () V h (2.20b)

which is Darcy's law written in terms of the hydraulic head. Even in this

basic form of Darcy's law, flow may depend on solute concentration and temp-

erature. The hydraulic conductivity, through viscosity, is highly dependent 2 A

on temperature, and measurably, but considerably less on concentration. In

cases where density or viscosity are not constant, therefore, hydraulic con-

ductivity, K, is not a fundamental parameter describing ease of flow through the

solid matrix. Permeability, k, is in most situations, essentially independent

of pressure, temperature and concentration and therefore is the appropriate

fundamental parameter describing ease of flow in the SUTRA model.
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V - V(ELEVATION) (2.19b)

where is the magnitude of the gravitational acceleration vector. For example,

if the v-space-coordinate is oriented directly upwards, then V(ELEVATION) is a

vector of values (for x and y directions, respectively): (0,I), and g = (0,-Iaj).

If for example, ELEVATION increases in the x-y plane at a 600 angle to the

x-axis, then V(ELEVATION) = ((1/2), (3'/2)) and & = (-(l/2)1f., -(3/2)I&D).

The average fluid velocitv, v, is the velocity of fluid with respect to the

stationary solid matrix. The so-called Darcy velocity, _, for the sake of ref-

erence, is C rS v. This value is always less than the true average fluid
w-

velocity, y, and thus, not being a true indicator of the speed of water move-

ment, 'Darcy velocity', _, is not a useful concept in simulation of subsurface

transport. The velocity is referred to as an 'average', because true velocities

in a porous medium vary from point to point due to variations in the permeabil-

*ity and porosity of the medium at a spatial scale smaller than that at which

measurements were made.

." Fluid velocity, even for a given pressure and density distribution, may take

- on different values depending on how mobile the fluid is within the solid matrix.

. Fluid mobility depends on the combination of permeability, , relative perme-

ability, k , and viscosity, p, that occurs in equation (2.19a). Permeability is
r

a measure of the ease of fluid movement through interconnected voids in the solid

matrix when all voids are completely saturated. Relative permeability expresses

what fraction of the total permeability remains when the voids are only partly

fluid-filled and only pirt of the total interconnected void space is, in fact,

connected by continuous fluid channels. Viscosity directly expresses ease of

fluid flow; a less viscous fluid flows more readily under a driving force.
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2.2 Description of Saturated-Unsaturated Ground-water Flow

Fluid flow and flow properties

Fluid movement in porous media where fluid density varies spatially may be driven

by either differences in fluid pressure or by unstable variations in fluid den-

sity. Pressure-driven flows, for example, are directed from regions of higher

than hydrostatic fluid pressure toward regions of lower than hydrostatic pres-

sure. Density-driven flows occur when gravity forces act on denser regions of

fluid causing them to flow downward relative to fluid regions which are less

dense. A stable density configuration drives no flow, and is one in which

fluid density remains constant or increases with depth.

The mechanisms of pressure and density driving forces for flow are ex-

pressed for SUTRA simulation by a general form of Darcy's law which is commonly

used to describe flow in porous media:

kk
S- (VP-p&) (2.19a)

ES _p
w

where:

v (x,y,t) [L/s] average fluid velocity

2
(x,y) [L2  solid matrix permeability

(2 X 2 tensor of values)

k (x,y,t) [I] relative permeability to fluid flow
(assumed to be independent of direction.)

2
[L/s gravitational acceleration (gravity vector)

(1 x 2 vector of values)

The gravity vector is defined in relation to the direction in which

vertical elevation is measured:
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employed, dispersion, in effect, significantly adds to the molecular diffusi-

vity value of the fluid in particular directions dependent upoon the direction

of fluid flow. In other words, mixing due to the existence of non-uniform,

non-average velocities in three dimensions about the average flow, v, is

conceptualized in two dimensions, as a diffusion-like process with anisotropic

diffusivities.

The model has, in fact, been shown to describe transport well in purely

• .homogeneous porous media with uniform one-dimensional flows. In heterogeneous

field situations with non-uniform flows in, for example, irregular bedding or

fractures, the model holds only at the pre-determined scale at which dispersivi-

-. ties are calibrated and it must be considered as a currently necessary approxi-

* mation, and be carefully applied when extrapolating to other scales of transport.

-' Solute and adsorbate mass balances

SUTRA solute transport simulation accounts for a single species mass stored

in fluid solution as solute and species mass stored as adsorbate on the surfaces

of solid matrix grai,.d. Solute concentration, C, and adsorbate concentration,

Cs(X,v,t) [M/MG , (where IM] denotes units of solute mass, and [MG I denotes

units of solid grain mass), are related through equilibrium adsorption isotherms.

[he species mass stored in solution in a particular volume of solid matrix may

change with time due to ambient water with a different concentration flowing in,

wtli water injected with a different concentration, changes in the total fluid

mass in the block, solute diffusion or dispersion in or out of the volume, trans-

for of dissolved species to adsorbed species (or reverse), or a chemical or bio-

logical reaction causing solute production or decay. The species mass stored as

39
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adsorbate on the surface of solid grains in a particular block of so'4d matrix

" .may change with time due to a gain of adsorbed species by transfer of solute

from the fluid (or reverse), or a chemical or biological reaction causing adsor-

bate production or decay.

The separate balances for a single species stored in solution (solute) and

on the solid grains (adsorbate), are expressed, respectively, as follows:

a(rS PC)
w -f -V'(S PVC) + V'[ES p(D I + D)-VC]
at w- w m

*p (2.29)

+ S p + Q C
ww p

a[(l-E)p C

at s +f + (I-E)op r (2.30)

3
f(x,v,t) [M /(L 3s)] volumetric adsorbate source (gain of

absorbed species by transfer from fluid
per unit total volume)

D [L2  apparent molecular diffusivity of solute
in solution in a porous medium 4ncl~ding
tortuosity effects, (D -l.x 10 [m /s]
for NaCl at 20. 0C). m

I[]] identity tensor (ones on diagonal,
zero elsewhere) (2x2)

2
2(x,y,t) [L /sI dispersion tensor

r (x,y,t) [M /M-sI solute mass source in fluid (per unit
w "fluid mass) due to production reactions

40
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C (xy,t) [M /Ml solute concentration of fluid sources
sx y~t) (mass fraction)

C (x,y,t) [M /MG  specific concentration of adsorbate on
s G solid grains (mass adsorbate/(mass solid

grains plus adsorbate))

3
ps  IMG/L G density of solid grains in solid matrix

(xy,t) M s adsorbate mass source (per unit solid =

rs yt sGmatrix mass) due to production reactions

within adsorbed material itself.

where [L 3 is the volume of solid grains.
G

Equation (2.29) is the solute mass balance in terms of the dissolved mass

fraction (solute concentration), C. The time derivative expresses the total

changes in solute mass with time in a volume due to the mechanisms represented

by terms on the right side of the equation. The term involving f(x,y,t) repre-

sents the loss of solute mass from solution which becomes fixed on the solid

grain surfaces as adsorbate. The adsorbate source, f, may, in general, depend -

on solute concentration, C, adsorbate concentration, C , and the rate of change . -..
s

of these concentrations, depending on either an equilibrium adsorption isotherm

or on non-equilibrium adsorption processes. SUTRA algorithms are structured to

directly accept non-equilibrium sorption models as an addition to the code.

However, the current version of SUTRA assumes equilibrium sorption as shown in

the following section, "Adsorption and production/decay processes."

The term involving fluid velocity, X, represents average advection of sol-

ute mass into or out of the local volume. The term involving molecular diffusi-

vity of solute, Dm, and dispersivity, D, expresses the contribution of solute

diffusion and dispersion to the local changes in solute mass. The diffusion

contribution is based on a true physical process often negligible at the field

4
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scale. The dispersion contribution is an approximation of the effect of solute

advection and mixing in irregular flows which are not accounted for by solute

advected by the average velocity. The solute mass source term involving F (x,v,t),
w

the solute mass production rate per unit mass of fluid, expresses the contribution

to dissolved species mass of chemical, biological or radioactive reactions in

the fluid. The last term accounts for dissolved species mass added by a fluid AD

source with concentration, C*.

Equation (2.30) is the balance of mass which has been adsorbed bv solid

grain surfaces in terms of species concentration on the solid (specific adsorbate

concentation), C . The change in total adsorbate mass is expressed by the time
S

derivative tprm. It may increase due to species leaving solution as expressed by

adsorbate source term, f. The adsorbed mass may also change due to a production of :

adsorbate mass (per unit solid matrix mass), r by radioactive or chemical pro-
S

cesses within the adsorbate. Note that mass becomes immobile once adsorbed, and

is affected only by possible desorption or chemical and biological processes. _

The total mass of a species in a volume is given by the sum of so it- mass

nd adsorhate mass. A balance of the total mass of a species is obtained by

addition of (2.30) and (2.29). The general form of the total species mass '

balance used in SUJTRA is this:

c S PC) dt(1-c)p C
+ = - V•(nSpv(:) .S

a t +at V- f .PVC

(2.31)
+ ,-V.S p(D I + D)-VC + ES pi' + (1-c)p F" + 0 C*

w i-- w w s s p
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Equation (2.31) is the basis for SUTRA solute transport simulation. In cases

of solute transport where adsorption does not occur (C - 0), the adsorbate
S

source term, f, simply has the value zero (f - 0), and the terms that stem from

equation (2.30) are ignored. Further discussion of solute and adsorbate mass .

balances may be found in Bear (1979).

Adsorption and production/decayprocesses

The volumetric adsorbate source, f, of (2.29) and (2.30) may be expressed

in the terms of a specific sorption rate, f , as:

f - (1-C)p f (2.32a)

fs(xyt) N s/M G'S specific solute mass adsorption rate

(per unit mass solid matrix)

A particular non-equilibrium (kinetic) model of sorption is obtained by de-

fining the functional dependence of the sorption rate, f., on other parameters

of the system. For example, for a linear reversible non-equilibrium sorption

model, the expression is: f -m 1 (C - m C) where m1 and m2 are sorption para-I

meters. This particular model and a number of other non-equilibrium sorption

models are accommodated by a general expression for f , as follows:5

ac
fs I T + 2C+ 2 r 3  (2.32b)

where: rl r Il(C'Cs 2 r 2(C'C ), 3 r3 (CC s)

r (CC )1 /M N first general sorption coefficient

r (CC ) (M /M s1 second general sorption coefficient
2 sG

K 3 (C C ) tH N /Ms '  third general sorption coefficient

-2
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Through a suitable definition of the general coefficients, r (C.C ) a number

of non-equilibrium sorption models may be obtained. For example, the linear

reversible non-equilibrium model mentioned above requires the definitions: 0

r1 0, 2 m and 3 = C. The general coefficients r1 , r., and r are

included in the SUTRA code to provide generality for possible inclusion of such

non-equilibrium (kinetic) sorption models.

The equilibrium sorption models are based on definition of the general

coefficients through the following relation:

ac
-st. (2.33)

Only general sorption coefficient, r]l need be defined based on various equili-

" brium sorption isotherms as shown in the following. The other coefficients are -

set to zero, r r ' 0.

The linear equilibrium sorption model is based on the linear sorption

isotherm assuming constant fluid density:

C - (Xl )C (2.34a) - -
S 0-

ac
- (Xl 0 ) (2.34b)

where:

3 -
IL /MG I linear distribution coefficient

and P is the fluid base density
0

* For linear sorption, general coefficient, r takes on the definition:

t1 N1o (2.34 c)
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The Freundlich equilibrium sorption model Is based on the following

*isotherm which assumes a constant fluid density, 0

C xI(P C(2 (2.35a)

X2ca (2.35b)

2

where:

1  3 L /MG a Freundlich distribution coefficient

(11 Freundlich coefficient

when -1, the Freundlich isotherm is equivalent to the linear isotherm.
L42

For Freundlich sorption, then, the general coefficient, r1, takes the

definition:

r ( P-X2) X2 (2.35c)

The LangmuIr equilibrium sorption model is based on the following isotherm

which assumes a constant fluid density, P:0

C 1  C (2.36a)

* at + (1 4Xp C)2  at(23b
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where:

IL ~.a Larimmuir distribution coefficient
f G

.3l/MI Langmuir coefficient

For very low so lote concent rat ions, C, Langmuir sorption becomes l inear sorp-

t ion with linear dist ribut ion coefficient xFor very high solute- concent ra- -

Lt ions, C., the oncent rat ion of adsorbat e mass,* C ,approaches an upper

ini t equal t o \ ~) The general SUTRA coefji e n, r , isdfnevo

Larigmu ir sorpt ion as:

P = (I oC) (2. 36c)

.0

SThe production terms for solute, r , and adsorbate, r allow for

first-order mass production (or decav) such as linear BOD (biochemical oxygen

* demand) or radioautive- deray, biological or chemical production, and zero-order

maIss product i on or decav).

wW
f C + 2) (. 37a)

w 0

s s
'. C + y (2.17b)

whereP:

[s first order mass production rate of solute

w
10[(M s/M)/sI zero-order solute mass production rate

I t fit vst-o rdtr ma ss, p roduc t i on rate otf

I (N /M )Isqj zero-order adsorbate mass production
0 rat e
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2.5 Description of Dispersion

Pseudo-transport mechanism -

Dispersion is a pseudo-transport process representing mixing of fluids

which actually travel through the solid matrix at velocities different from the

average velocity in two space dimensions, v, calculated from Darcy's law, (2.19).

Dispersion is a pseudo-flux in that it only represents deviations from an

average advective flux of energy or solute mass and as such does not repre-

sent a true mechanism of transport. Should it be possible to represent the

true, complex, non-homogeneous velocity field in, for example, in the layers of

an irregularly bedded field system, then the dispersion process need not be

invoked to describe the transport, as the local variations in advection would

provide the true picture of the transport taking place. However, as available

data almost never allows for such a detailed velocity description, an approximate

description, which helps to account for observed temperatures or concentrations

different from that expected based on the average fluid advection, must be

employed.

Current reseairch trends are to develop dispersion models for various

hvdrogeological conditions, and SUTRA may be updated to include these new re-

sults as they become available. Currently, SUTRA dispersion is based on a new

generalization for anisotropic media of the standard description for dispersion

in isotropic homogeneous porous media. The standard description is, in fact,

the only model available today for practical simulation. Because any incon- A
sistoncies which may arise in applying this dispersion model to particular

47
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field situation often would not be apparent due to the poor quality or small

amount of measured data, the user is warned to exercise good judgement in

interpreting results when large amounts of so-called dispersion are required

to explain the field measurements.

In any case, the user is advised to consult up-to-date literature on field-scale

dispersion, before employing this transport model. -

Isotropic-media dispersion model

The dispersion tensor, D, appearing in both energy and solute balances,

(2.28) and (2.31), is usually expressed for flow in systems with isotropic

permeability and isotropic spatial distribution of inhomogeneities in aquifer

materials as:

D x 1 (2.38)

IDyx Dyv -

where, D is, in fact, symmetric and the diagonal elements are:

xx 2 ( T2 (2.39a)

yv
Dy (12 (dT v + d L v )  (2.39b) ~

and the off-diagonal elements are:

Dit:) (dL - dT) (vv )  (2.39c)

i,'j, i-x'v

1 i1 1x,v
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v(x,y,t) [L/s} magnitude of velocity -

v (X,y,t) [L/s] magnitude of x-component of vx

v (x,y,t) IL/si magnitude of y-compopent of v
y

d (X,yt) fL 2s] longitudinal dispersion coefficient
L

d (X,y,t) [L 2/s] transverse dispersion coefficient
T

.0O

2
The terms d and d [L /s1 are called longitudinal and transverse

L T

dispersion coefficients, respectively. These terms are analogous to typical

diffusion coefficients. What is special, is that these are directional in

nature. The term, d acts as a diffusion coefficient which causes dispersion

forward and backward along the local direction of fluid flow, and is called the

longitudinal dispersion coefficient. The term, dT, acts as a diffusion coeffi-.-

cient causing dispersion evenly in the directions perpendicular to the local

flow direction, and is called the transverse dispersion coefficient. Thus, if

d L and dT were of equal value, a circular disk of tracer released (in the x-yL. T

plane) in ground water flowing, on the average uniformly and unidirectionally,

would disperse in a perfectly symmetric circular manner as it moved downstream.

However, if d ) d then the tracer would disperse in an elliptical manner with
L T

the long axis oriented in the flow direction, as it moved downstream.

The size of the dispersion coefficients are, in this model, for dispersion

in isotropic permeability systems, dependent upon the absolute local magnitude

of average velocity In a flowing system (Bear, 1979):

dL O Lv  (2. 40a)

dT O'TV (2.40b)

" (x,y) [L) longitudinal dispersivlty of solid
L

matrix

a (x,y) ILI transverse dispersivity of solid
T

matrix
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When the isotropic-media dispersion model is applied to a particular field situ-

ation where aquifer inhomogeneities are much smaller than the field transport

scale, then dispersivities a L and a T may be considered to be fundamental trans-

port properties of the system just as, for example, permeability is a fundamen-

tal property for flow through porous media. In cases where inhomogeneities are

large or scales of transport vary, dispersivities may possibly not be repre-

sentive of a fundamental system property. In this case, dispersion effects

must be interpreted with care, because dispersivity values are the only means

available to represent the dispersive characteristics of a given system to be A

simulated.

Anisotropic-media dispersion model

In a system with anisotropic permeability or anisotropic spatial distribu-

tion of inhomogeneities in aquifer materials, dispersivities may not have the

same values for flows In all directions. In a case such as a layered aquifer,

longitudinal disperaivIty would clearly not have the same value for flows parallel

to layers and perpendicular to layers. The isotropic-media dispersion model,

described In the previous section, does not account for such variability as SL

is Isotropic (direction-independent). Transverse dispersivity would also tend

to be dependent on the flow-direction, but because it typically is only a small

fraction of longitudinal dispersivity, especially in anisotropic media (Gelhar

and Axness, 1983), its variability Is Ignored here. This does not imply that

transverse dispersion Is an unimportant process, but the approximation is made

because accurate simulation of low transverse dispersion is already limited, due

to the requirement of a fine mesh for accurate representation of the process.

The effect of any direction-dependence of transverse dispersivity would he

obscurpd by the numerical discretization errors in a typical mesh.
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An ad-hoe model of flow-direction-dependent longitudinal dispersion is

postulated. In this model, longitudinal dispersivity is assumed to have two

principal directions (in two space dimensions) aligned with principal directions -

of permeability, x and x . Tihe principal values of longitudinal dispersivity,
pm

are az I'max and a minin these principal directions (see Fip!re__2.4). Note that

the stibscripta, L-max and Lmin, refer onlv to the maximum and minimum permeability

directions, and are not intended to imply the relation in magnitude of ax

and 0Lmin the principal values of longitudinal dispersivity.

If F sis the dispersive flux of solute (or energy) along a stream line of

flid flow, then

F = 1-o (2.41)

where:

Q (,X,V,t) IL) longitudinal dispersivity along a

streamline

And I' representn eith#-r concentration or temperature, and s Is distance

me;astrped alonp a streaml ine. The dispersive flux components in the principal

permeihi litv directions x and x are:
p

Fp Q F.~ -~ cos Ov(2.42a)

p

Fm al F sin 0k (2.42b)

where:

" (x'V) [4Longitudinal dispersivity in the maximum
Lmax

permeability direction, x P

"omi (X,Y) IL) Longitudinal dispersivity in the minimum
permeability direction, xm.

O k (X,.V,t) IiAngle from maximum permeability direction,
kv x ,to local flow direction, (v/lyi)

p 1
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Figure 2.4
Definition of flow-direction-dependent longitudinal
dispersivity, QL(e).

)2S



ZS

<x

Projection of an element X

Fi~iire 1.l 1
Two-dimpnsionnA finite-plevnent mpsh and quadrilateral
eh'm*nt



SUTRA is completely divided up into a single laver of contiguous blocks. These

blocks are ralled 'finite elements.' The subdivision is not done simply in

a manner which creates one block (element) for each portion of the aquifer -

system which has unique hydrogeological characteristics. Each hydrogeologic

unit is in fact divided into many elements giving the subdivided aquifer region

the appearance of a fine net or mesh. Thus, subdivision of the aquifer region .

to be simulated into blocks is referred to as 'creating the finite-element mesh

(or finite-element net).

The basic building block of a finite-element mesh is a finite element. The

type of element employed by SUTRA for two-dimensional simulation is a quadrilateral

which has a finite thickness in the third space dimension. This type of a quad-

rilateral element and a typical two-dimensional mesh is shown in Figure 3.1. -

All twelve edges of the two-dimensional quadrilateral element are perfectly

straight. Four of these edges are parallel to the z-coordinate direction.

The x-v plane (which contains the two coordinate directions of interest) bisects

each of the edges parallel to z, so that the top and bottom surfaces of the

element are mirror images of each other reflected about the central x-v plane in

the element. The mid-point of each z-edge (the point where the x-v plane a

intersects) is referred to as a nodal point (or node). Thus, the element has a

three-dimensional shape, but always has only exactly four nodes, each of which

in fact, represents the entire z-edge on which it is located. The nodes mark the

fact that, in thisi type of element, some aquifer parameters may be assigned a

different value- at each z-eddge of the element. The lack of nodes outside of the

x-v plane is what makes this element two-dimensional; while some aquifer para-

metprs may vary in value from node to node (i.e. from z-ede to z-edge), no

parameters may be as,, igned varvin,, values in the z-direction.

S

6

6 t, "



head, h h + ELEVATION, where pressure head, hp 5 p/(pIjI). For clarity,

hydraulic conductivity is assumed to be isotropic in this example. While (3.1) "

may be considered a fully three-dimensional mass balance equation, it is assumed . O

that flow takes place only areally in a water-table aquifer with a fixed imperme-

able base (at z-position, BASE(x,y)), and a moveable free surface (at z-position,

h(x,y,t)). The z-direction is oriented vertically upward and the fluid is assumed .

to be in vertical hydrostatic equilibrium at any (x,y) position (no vertical flow).

Aquifer thickness, B(x,y,t) (L), is measured as the distance along z from the free

surface to the aquifer base, and may change with time. Aquifer transmissivity,

A7x,y,t), is given by:

Ta KB 0 K(h - BASE) (3.2)

7Kx,y,t) IL 2/s aquifer transmissivity .

B(x,y,t) [L) aquifer thickness

BASE(x,y) [L) elevation of aquifer base

The above assumption, in effect, makes (3.1) a two-dimensional mass balance _

equation which is applied to a finite thickness aquifer. The two-dimensional

form of (3.1) describing an areal fluid mass balance for water-table aquifers

in terms of a head-dependent transmissivity arises during the basic numerical i

analysis of (3.1) in section 3.3, "Integration of Governing Equation in Space." .

3.1 Spatial Discretization by Finite Elements .

Although SUTRA is a two-dimensional model, the region of space in which

flow and transport is to be simulated may be defined in three space dimensions. -..

The three-dimensional bounded volume of an aquifer which is to be simulated by
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Chapter 4, "Numerical Methods," to the SUT' fluid mass balance and unified

energy-species mass balance.

The water-table aquifer fluid mass balance equation is useful for dem- S

onstration of basic numerical methods employed on SUTRA governing equations,

because it displays some of the salient aspects of the SUTRA equations: a time

derivative, a non-linear term involving space-derivatives, and a source term. A0

The simplified fluid mass balance equation is as follows:

'- - V'(KVh) - Q (3.1)0 at - -,I

where

Q S (Q /p)
p

and "

So (x,y) specific storativity

h(x,y,t) ILl hydraulic head (sum of pressure
head and elevation head) _S1

K(x,y) JL/si hydraulic conductivity (assumed for
this example to be isotropic)

Q*(xy) Is-1 volumetric fluid source (volume fluid

injected per time / volume aquifer) '
(assumed constant for this example)

Qp(x,y) IM/(L 3 .s)J fluid mass source (mass fluid injected
per time / volume aquifer) (assumed con-
stant for this example)

JM/L 3 1 fluid density (assumed constant for
this example)

This equation, (3.1), is obtained from the SUTRA fluid mass balance, (2.24),

by assuming saturated conditions, constant concentration and temperature, con-

stant fluid density, and using the definition of hydraulic conductivity,

K i (kpJ&I)/BI, where [si is the acceleration of gravity, and of hydraulic
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Fundamentals of Numerical Algorithms

SUTRA methodology is complex because: (1) density-dependent flow and

transport requires two interconnected simulation models, (2) fluid properties

are dependent on local values of temperature or concentration, (3) geometry of

a field area and distributions of hydrogeologic parameters may be complex, and

(4) hydrologic stresses on the system may be distributed in space and change

with time. Furthermore, a tremendous amount of data must be evaluated by SUTRA

with precision. This requires great computational effort, and considerable

numerical intricacy is required to minimize this effort. The mathematically

elegant finite-element and integrated-finite-difference hybrid method employed

by SUTRA allows great numerical flexibility in describing processes and char-

acteristics of flow and transport in hydrologic field systems. Unlike simu-

lation models based purely on the method of finite differences, however, the S.

numerical aspects of which allow straight-forward interpretation at an intuitive

level, some finite-elfment aspects of SUTRA methodology require interpretation

at a less physical level and from a more mathematical point of view.
_ S1

The following description of SUTRA numerical methods uses a simplified,

(onstant-densitv water-table aquifer case as an illustrative example. While

precise mathematically, this example is not used to demonstrate an actual

application of SUTRA, as SUTRA does not, in fact, simulate a moving water

table. The example is only used as a device through which to explain the

theory and use of the primary numerical methods employed in SUTRA and the

water table is invoked to allow discussion of a simple non-linearitv. The -

basic miethods, which are only demonstrated here, are applied in detail in

t)3t
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lES PC + (1-E ) c - + ES c v VU-s wt w w -i

- -) P C c S ( o I + D ) + V Ut I-.
W W S -

SSU +, E w s(2.52)
c(U - U) + ESpY U + (1-E)psv U + ESPy + (1-E)p (s
p wsi s w0 so0

where:

for enerLN tra nsport

U i T , U s T U - - O -i - - -0 (2 .52a )

* PC s PCm~
w w'

for solute transport

U E C' U a C I U C ,a o D a 0. c r c I 1 (2.52b)
s s w m s s , w

where Cs is defined by (2.34a), 2.35a) or (2.36a), and rI is

defined by (2.34 c), (2 .35c) or (2 .36 c), depending on the isotherm.

The fluid-mass-conservative form of the unified energy-species mass

balance, (2.52), is exactly that which is implemented in SUTRA.

I A
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where:

for energy transport

W S

U T, U c T Ua T a a a i s (2.51a)
s s w PC S PC

w w

r .~ r

for solute transport

U n C, U a C , U a C , a D , a 0 c a 1 (2.51b)
S S W m s w

where Cs is defined by (2.34a), (2.35a) or (2.36a), depending on

isotherm.

It is assumed in equation (2.51) that cw and cs are not time-dependent.

For numerical simulation, this equation may be termed a 'fluid-mass-

conservative' form of the energy or species mass balance. When approximated

numerically, the unified balance in the original form, (2.47), would contain

approximation errors in both the fluid mass balance contributions (based on -

pressure and saturation changes) and the temperature or concentration change

contribution. However, in the revised form, equation (2.51), the complete fluid

mass balance contribution has already been analytically accounted for before

any numerical approximation takes place. Thus, the total approximation error

for the unified balance, (2.51), is significantly less as it is due to the temp-

* erature or concentration change contribution only. 41

The unified energy-species mass balance is brought to its final form by

noticing that the form of the term, aU8 /at, for energy transport, is the same

as that for solute transport when using the equilibrium sorption relation

(2.33), and that the form of the energy production of terms is similar to that

of relations (2.37a) and (2.37b) for the mass production process:
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Before substituting (2.48) for the duplicate terms in (2.47), the search

" for redundant terms may be extended to a balance of species mass or energy

stored in the solid matrix rather than in the fluid. A simple mass balance

for the sojid matrix is:

3-- )p V -E -PsV 0 (2.49)

v tL/sj net solid matrix velocity

Due to the assumption that the net solid matrix velocity, vs, is negligable,

the associated term of (2.49) is dropped. The contribution of this simple solid

imatrix mass balance to the unified solute-energy balance may again be obtained

bv taking the product of (2.49) with Us:

U) T - = 0 (2.50)
S at ,",-

A comparison reveals that this term also appears in (2.47).

The redundant information in the unified energy-solute balance which keeps S

track of both solid matrix and fluid mass balance contributions may be directly

removed from (2.47) by subtracting (2.48) and (2.50). The result is:

'a

ES PC + (1-P)p - + FS Pc v.VU
w wat sat w w- --.-.-

(2.51)
V.. PCc q (a I+D) + (l-c)o [ -VII

-- W W. 
= "'

0 Q c (U -I?) + rS Pf + (I-Fp 1
pw w w s s
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Fluid-mass-conservative energy-solute balance

* A further consideration is required before obtaining the form of the uni-

fled energy/solute balance as implemented in SUTRA. The amount of energy or

solute per unit combined matrix-fluid volume may change either due to a change

in the total fluid mass in the volume even when concentration and temperature

remain constant (see relation (2.10)). Such a change in fluid mass may be

KK. caused by changes in fluid saturation, or by pressure changes affecting com-

pressive storage.

The energy and solute balances as well as their unified form, (2.47), track

both types of contributions to changes in total stored energy or solute mass.

However, the fluid saturation and pressure change contribution to energy and

solute balances are already implicitly accounted for by the fluid mass balance.

The fluid mass balance contribution to solute and energy balances is ex-

. pressed by the product of the fluid mass balance, equation (2.22) (which tracks

* changes in fluid mass per unit volume), with cwU (which represents either energy

or solute mass per unit fluid mass). Note that cwml for solute transport. This

product tracks energy or solute mass changes per unit volume due to fluid mass

changes per unit volume:

a(cs p)

(c U) w + (c U) V'(ES pv) = (c U)Q (2.48)
w at w w w p

' where the solute mass source, T, is neglected. Comparison of (2.48) with (2.47)

will reveal that the terms on the left of (2.48) also appear in the unified

balance equation.
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Thus, the balances of energy per unit volume, (2.28), and total species

mass per unit volume, (2.31), may be expressed in a single unified balance in

terms of a variable, U(x,y,t), which may either represent T(x,y,t) or C(x,y,t),

as follows:

E(S PC U) + L b1-C)PUI + V-(Es PCVU)

-f 1 CES (a I +D) + (l-E)(o I Y.U

=Q c u + cs pr' + (1-top F (2.47)
p w w w s s

where:

for energy transport

U T, U mcT, U aT , a -as s w Pc , s PC (2.47a)
w

r *yW 0 r9

for solute transport

U C, U CS U C D 0 , C 1 (2.47b)

where Cs is defined by (2.34a), (2.35a) or (2.36a), depending on the

isotherm.

By simple redefinition according to (2 -4 7a) or (2.47b), equation (2.41) directly

becomes the energy or species mass balance. This redefinition is automatically

carried out by SUTRA as a result of whether the user specifies energy or solute

transport simulation.
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2.6 Unified Description of Energy and Solute Transport

Unified energy-solute balance

The saturated-unsaturated ground-water energy balance (2.28) is simply an

accounting of energy fluxes, sources and sinks which keeps track of how the

energy per unit volume of solid matrix plus fluid, [ESwPcw + (l-E)pcsT, -

changes with time at each point in space. The saturated-unsaturated ground-

water balance of solute plus adsorbate mass, (2.31), is similarly an accounting

of solute and adsorbate fluxes, sources and sinks, which keeps track of how the

species mass (solute plus adsorbate mass) per unit volume of solid matrix plus

fluid, (CSwPC + (l-c)psCs), changes with time at each point in space. Both

*9 balances, therefore, track a particular quantity per unit volume of solid matrix

plus fluid.

The fluxes of energy and solute mass in solution, moreover, are caused by

similar mechanisms. Both quantities undergo advection based on average flow

velocity, v. Both quantities undergo dispersion. Both quantities undergo

diffusion; the diffusive solute mass flux is caused by molecular or ionic dif-

fusion within the fluid, while the diffusive energy flux occurs by thermal con-

* "duction through both fluid and solid. Fluid sources and sinks give rise to

similar sources and sinks of energy and solute mass. Energy and species mass

may both be produced by zero-order processes, wherein energy may be produced by

an endothermic reaction and solute may be produced, for example, by a biological

process. The linear adsorption process affecting solutes is similar to the

storage of energy in solid portion of an aquifer. Only the non-linear sorption

processes and first-order production of solute and adsorbate, have no readily

apparent analogy in terms of energy.
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tributions of the approximate dispersive process. Given a better-defined

velocity field, and in the absence of other data, dispersivity should then be

chosen based on the largest postulated inhomogeneities met along a given average

stream tube. The size and distribution of inhomogeneities not explicitly taken

into account by the average flow field may be postulated based on the best

available knowledge of local geology.

Transverse dispersivitv, QT , is typically even less well known for field

problems than longitudinal dispersivity. Values of aT used in simulation are

typicallv between one tenth and one third of 0 L" In systems with anisotropic

permeability, "T may be less than one hundredth of OL for flows along the

maximum permeability direction (Gelhar and Axness, 1983). Should simulated

transport in a particular situation be sensitive to the value of transverse

dispersivity, further data collection is necessary and the transport model must

he interpreted with great care.

The ad-hoc model for longitudinal dispersion in anisotropic media presented

in the previous section allows for simulation experiments with two principal

lonrgitudinal dispersiviti,-s which may he of special interest in systems with

well-defined anisotropv values. Depending on the particular geometry of layers

or inhomogpneities, causing the permeability anisotropv, the longitudinal disper-

sivitv in the, minimum permeability direction, Lmin, may be either greater or

smaller than that in the maximum permeabilitv direction ULmax" However, use

of th,, ani sot ropi,-niedia dispersion model is advised only when clearly required

by f iel H data, and the addit ional longitudinal dispersion parameter is not

intende(d for ,general appl icat ion without evaluation of its applicabi litv in a

particular c'ase.
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Because U varies with x and y, U U(x,v,t):

au _au ax + au axm(24a
as ax as a x as(24a

p m

au _au Co + au sin 0 (2.4 3b)
as ax kv ax kv

p m

and:

F a + sin O~v (2.44a)s (os kv a ax
p m

F2 F si 2 FO2 O (r ) +sf

S L v Lmax "'Lmin-

This defines an ellipse as:

(245

Cv) + ( 0
LLmax Lmin

1/2 1/2
with semi-major axis (ai and semi-minor axis (ai ) The length of

Lma x Lmin
1/2

a radius is (C) as shown in Figure 2.4. This ellipse is analagous in

concept to that which gives effective permeability in any direction in an

anisotropic medium.

The value of effective longitudinal dispersivity as dependent on the flow

direction is:

Qi Lmax CiLmin (2.46)

(ciLmjn cO6 8kv + aLmax sin2 8kv)

which is used by SUTRA to compute ai for the anisotropic-media dispersion model.

Note that if ai - t then the isotronc dispersion-media model is obtained.
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Within a two-dimensional finlte-element mesh there is only a single layer

of elements, the nodes of which lie in the x-y plane. Nodal points are always

shared by the elements adjoining the node. Only nodes at external corners of

the mesh are not contained in more than one element. The top and bottom sur-

faces are at every (x,y) point equidistant from the x-y plane, but the thick-

ness of the mesh, measured in the z-direction, may vary smoothly from point to

point. When projected on the x-y plane, as in Figure 3.1, a finite-element mesh

composed of the type of elements used by SUTRA appears as a mesh of contiguous

quadrilaterals with nodes at the corners. Hence, the term, 'quadrilateral

element'.

* 3.2 Representation of Coefficients in Space

Aquifer parameters and coefficients which vary from point to point in an

aquifer such as specific storativity, S0 , and hydraulic conductivity, K, are

represented in an approximate way in SUTRA. Parameters are either assigned a

particular constant value in each element of a finite-element mesh (elementwise),

or are assigned a particular value at each node in the mesh in two possible ways

(nodewlse or cellwise).

In the water-table aquifer, for a simple example, a regular two-dimensional

* mesh is used. The steplike appearance of elementwise assignment of K values over

tt.Ji simple mesh is shown in Figure 3.2. Nodewise assignment for head over

this mesh results in a continuous surface of h values as shown in Figure 3.3,

I D ith linear change in value between adjoining nodes along (projected) element

edges. Cellwise assignmeut is employed for specific storativity, SO, and the time

derivative, . This results in a steplike appearance of the assigned values
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Figure- 3. 3
Nodewilsp discretization of coefficient h(x,y).



* over the mesh similar to that of elementwise assignment in Figure 3.2, but each

cell is centered on a node, not on an element. Cell boundaries are half way

between opposite sides of ani element and are shown for the regular mesh in

* Figuqrve3.4. Thus the spatial distributions of parameters, K, h and S, are

d i Screti Zed ( i .e. , assF.ignod d isc re te va lues) in t hree d if ferent ways: K,

Plementwise, h, iodpwjse, and SO' celI IfIse.

* Becauso the internal program logic depends on the type- of discretization,

SUT[RA expects certain part irtui at parameters or equat ion terms to he discretized

eleFmentwise,, nodewise, or reliwise. The primarY dependent variables of the

St IA code* p). and T or C, (in this example case, only hydrauilic head, h), are

exprtessed nodewise when used in terms which calculate fluxes of fluid mass,

SO lute mass or energy.

F.lIemenit-wi s;e dis-c ret i zat ion

The equation which gives the values, over the finite element mesh, of9

an elementwisp parametert, may be expressed for the hydraulic conductivity

of the present example as:

NE

K(x,v) Kl,(x,v) (3.3)

wheze the element s have beenr numbered from one to NE (total number of elements

ini the mesh), and K.( x,v) 1,1s) has the value of hydraulic condutivity of

elIemenft I. t[or x x, y coord inrates w it bi n the e-lement , and a valuexi of zero out side

he t I lemeit . hit s K( x , V ) iS t he fIA t-toppe[Itd 'bo X s t and ing on a n ele me n t ,

i in i gure, 1. 2, 'And IK( x., is repres;entedH in a dfi screteP approximat e way by the

sum of all thfit 'boxes'. Note that Ki( x,v) has the same vuein the z-direction

frorn the top to the hot tom of each t wo-d' men si ona I element.
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Figure 3.4
Cells, elements and nodes for a twa-dimensional

* finite-element mesh composed of quadrilateral .
elements.

* 7S



Nodewise discretization

The equation which gives the values, over the finite-element mesh, of a

nodewlse value, may be expressed for the two-dimensional mesh as:

NN

hlx,y,t) As h (t) ( x,y) (3.4)"

i-I .

where the nodes have been numbered from one to NN (total number of nodes in the

mesh). There are NN coefficients, hj(t), each of which is assigned the value

of head at the coordinates (xj,yj) of node number, J. These nodal head values

may change with time to represent transient responses of the system. The func-

tion, *j(xy), is known as the 'basis function'. It is the basis functions which

spread values of head between the nodes when head is defined only at the nodal

points by values of h. There is one basis function *j(xy) defined for each

node, J, of the NN nodes in the mesh. Suffice it to say, at this point, that at
S

the node J, to which it belongs, the basis *j(x,y), has a value of one. At all

other nodes i, itj, in the mesh, it has a value of zero. It drops linearly in

value from one to zero along each projected element edge to which the node j is

connected. This means that even when all the NN products of hj and *j(x,y)

are summed (as in relation (3.4)), If the sum is evaluated at the coordinates

(xj,yj) of node j, then h(x,y) exactly takes on the assigned value, hj.

This is because the basis function belonging to node j has a value of one at

node J, and all other basis functions belonging to other nodes, i, 10j, have a

value zero at node j droppIng them from the summation in (3.4). Basis functions

are described mathematically in section 4.1, "Basis and Weighting Functions."
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Celiwise discretization

The equation which gives the values, over the finite-element mesh, of

a cellwise parameter may be expressed for the specific storativity of the

present example as:

NN

S(x,V) Si(xY) (3.5)

where Si(x,y) has the value of specific storativity of the cell centered

on node i for (x,y) coordinates within the cell, and a value of zero outside

the cell. Thus, Si(x,y) is a flat topped 'box' standing on a cell i in

Figure 3.4, and So(x,y) is represented in a discrete approximate way by the sum

of all the 'boxes'. Note Si(x,y) has the same value in the z-direction from

the top to bottom of each two-dimensional element.

Reviewing the example problem, K is assigned elementwise and both S and h

n tt

are assigned cellwise. Hydrualic head, h(x,y,t), and element thickness,

B(x,y,t), measured in the z-direction, are both discretized nodewise, with

the nodewise expansion for thickness:

NN

B(x,y) B (t)O.(xy) (3.6)

The values Bi(t) are the NN particular values which element thickness has .

at the nodes, and these values may change with time in the present water-table

example. Relation (3.6) should call to mind a vision of discretized values

• ot thickness represented bv a surface similar to that of Figure 3.3. The head

surface of Figure 1.3 may stretch or shrink to move up or lown as the head values

at nodes, hi(t), change with time due to stresses on the aqulter system. The
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nodewise discretized surface may be viewed as the water table, and the element

thickness as the thickness ot the water-tahte aquifer. ""N

I Int eg.rat ion ot (overning Equat ion in Space

Apjrox mite goe rri ir)_,,eqt io, and we.ighted- re s idu-:als,- m.e thod -

The 5ovp nin ,q iat ion for the water-table example may be written in

Op,,ra to i orm t.:

d h *
M (h} V -V KVh} - ) 0 3. 7)

o dt

t rt in variables in this equation are approximated through elementwise and

nodtewi !;t' d i sure i z It ion. Particular terms of the equation are approximated

I thrI.h :ellwiso di -cretization. The result is that neither the dferivatives,

HOF the vATi.able s are desr ribed exact lv. Relation (3.7) no longer exactl v

(h) = R(xvt) (3.8)

A
wh, e M h) i s r hi r",uIt o of app roxi mat i ng the terms o f the equa t ion and the

variatlos, and R(xv,t) is the res!;idual value of the approximated equation.

6 hn ;imu lat i r a v Tm with a numerical model based on approximation of the

iove ii t n, eqs iat ion , ( h ) , lh, res id Iual, R, mu st he kept sma I I eve rvwhere in the

s;imulaitd regvion and to! th- entire ti ,no ot a.imul.ition in orde, to acc,,ratelv

r~ , t t+ phvsr'i ("Il bohao"i or pri-d ic ted hv t hoe . Ic t governInT19 equat ion , 3' T. 7" '

In order to .ichieve, - minimum error, a method of weighted residuals is

, lied to ( 5.8). The puipos- of the method of weighted residuals is to mini-

mize the tror f pproximat ion in part icular suh-re i ns of the spatial domain

. . .-.
,

.
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to be simulated. This is done by forcing a weighted average of the residual to

be zero over the sub-regions. This idea is the most abstract of those required

to understand SUTRA methodology. The Galerkin method of weighted residuals

chooses to use the 'basis function', i(x,y), mentioned in the previous section,

as the weighting function for calculation of the average residual:

fA
O(h) 0i(x,y) dv R(x,y,t) 0i(x,y) dV 0 (3.9)

V V i = I,NN

where V is the volume of the region to be modeled. The model volume is com-

pletely filled by a single layer of quadrilateral finite elements. Relation

(3.9) is actually NN relations, one for each of NN nodes in the finite element

mesh as indicated by the notation, i - I,NN.

In each relation, the integral sums the residual weighted by the basis

function over a volume of space. Each integrated weighted residual is forced --

to zero over the region of space in which Oi(x,y) is non-zero. This region

includes only elements which contain node i, because of the manner in which the

basis function is defined, as described earlier. Thus, over each of these NN

sub-regions of a mesh, the sum of positive and negative residuals after weighting

is forced to zero by relation (3.9). This, in effect, minimizes the average

error in approximating the governing equation over each sub-region.

After stating that the integral of weighted residuals must be zero for

each sub-region of the mesh as in (3.9), the derivation of the numerical

methods becomes primarily a job of algebraic manipulation. The process is

A
begun bv substitution of the governing equation for O(h) in (3.9):
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(S -) *i(xy) dV V-(KVh) *(xy)dV (3.10) 1
V V

-f ( (x,y) dV - 0

V

i a I,NN

The terms in large parentheses topped by a carat are the approximate discrete

forms of the respective terms in (3.7). These are expanded in the manipulations

that follow. Relation (3.10) is discussed term by term in the following para-

graphs.

Ce lwiseuitegration of time-derivative term

The first term involving the volume integral of the time derivative may be

written in terms of the three space dimensions, x, y, and z. Although the gov- 0

erning equation and parameters vary only in two space dimensions, they apply to

the complete three-dimensional region to be modeled.

A A
fs ) hyf) (x,y) dz dy dx (3.11) "IS ot]i(x'Y) dV-S-

V z y x

ffA' [f1
h

ff s A O(x,y) dz dx dy

yx z

The rearrangement in the final term of (3.11) is possible Ilecause no parameter -

depends on z. In fact, referring to (3.2), the aquifer thickness, B(x,y,t),
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may be defined as:

B(x,y,t) =fdz h(x,y,t) -BASE(x,y) (3.12)

The tinal term of (3.11) is then:

Jf(S L) 0(x ~v) B(x,,t) dx dv (.3)%

v x

Now cellwise discrtzto scoe o n for at making these terms

rake on ai constant value for the region of each cell i. The region of cell

is the same region over which Si(x,v) is non-zero. Then, for any cell I,

term (i.li) becomes:

S -i ff 4 (x,v) B(x,y,t) dx dy (3.14)

v x

where S a.ndI -i are the- values taken by S and - n el I

I t c-an he shown that the volume of cell I, denoted by VI(t), Is, in

ta t, t he i ntepral in (314):

V. (r) =ff 0 (x,v) B(x,v,t) dx dv (3.15)

For a

Fraparticular finite-element mesh, the volume Vi(t) of each cell Is

determined by nuimerical integration of (4.19)). Numerical Integration by

Gaussian quiadratutre I s di scussed in spct ion (4.~ "Gaussian Integrat ion."

78

'j



Given the value of the specific st orat-Avitv of each cell, Si. the time

h.
derivat ive of head in each cell , Ti, and given the volume of- each cel I,* V. ( t)

deteprmined nutmerically, the first term of' the weighted residual statoment takes

on its discrete approximation in sp-ice:

J~s~I ) .(x,v) dV S 3. V16t
ILa iat~ TI (

Flement wis(-e int grat ion of, fl-ux- term -an-d oripin of hbotundary tfluxes

Maripuilat ion of the second integral in (31.10) begins with the appi i-

cat ion of Green' s t heorem which is an expandedI form of the dive rgence theorem.

Th is convert s the int(egra I into two terms, one of which is evaluated on 1 v at the

skirf-ice of the repgion to be simulated. (;roen's theorem is:

f( V. ) , A ' f(W W .1 A Hl -F (W-A ) d V3. 17)

whoe A i s .i i, alat antd W~ is a1 vector qia n t i t v . The hounda rv of volumie Vis

donot od hv I inc I tdinp. hot h edge!; anti tiper And lower sut aCes Of the aqli fr

And it is .1 1iO olluwIri normal ve :t or ti) the heunla rv . Appli cat ion of ( 3. 17)

to the, sc ond term ini i .10) r'-sults ini:

+ fK Vh). oi A'
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The first term on the right of (3.18) contains a fluid flux given by Darcy's

law:
-S

vOuT -KVh n (3.19)

where vouT is the outward velocity at the boundary normal to the bounding

surface. Thus the integral gives the total flow out across the bounding .

surface, QOUT t, in the vicinity of a node I on the surface:

%U -f(VoU di? (3.20)
I".

An inflow would have a negative value of QOUTt, and the relation between

an inflow, QINj, and outflow is: QINj - -QOUT i . Thus, the first

integral on the right of (3.18) represents flows across boundaries of the

water-table aquifer model.

The second integral on the right of (3.18) may be expressed in three

spatial coordinates.

fKAh).V$ dV =fff(K h)-Vtl dz dy dx

V x y z

(3.21)

- f f h)VO1  dz dy dx - f K h)VO B(x,v,t) dv dx

x V Z x y

No term varies in the z-direction, allowing the use of (3.12) which defines

aquifer thickness B. Notice that the transmisbivity as given by (3.2), T KB

appears in the form of the integral just obtained.
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Now the approximation for the term K Vh is substituted into the integral.

Ilvdraulic head, h(x,v,t), is approximated in a nodewise manner as given by re-

lition (1.4). The integral of (3.2) becomes:

fB dv dx V h(t) O.(x,y)-V~i B dv dx

x V X V

NN f , NN (3.22)
h.(t) K VO i  B dv dx = (t) I,(t)

x v

where K is the elemtentwise approximation for K(x,y). The summation and h(t.)

S
may he factored our of the integral because hi is a value of head at a node and

does not vary with x and v location. The integral is represented by Iij(t) and

depends on time because aquifer thickness, B, is time-dependent. For each node

i, there are apparently !=NN integrals which need to be evaluated. In fact, due

to the way in which basis functions are defined, there are only a few which are

non-zero, because (Vo i  Vo i ) Is non-zero only when nodes i and j are in the

same finite element. When nodes i and j are in different elements, then V j is

zero in the olement containing node i.

The integrals are evaluated numerically by Gaussian integration. This

is accomtiished by first breaking up the integral over the whole volume to

be simulate.d, into a sunm of integrals, one each over every finite element

in the mesh:

8
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.li(t) J (vj. V* B dydx- j Voi) B dy dx (3.23)

y XLYL

There are NE elements in the mesh, L is the element number, and XL and YL

are the x and y spatial domains of element L. Thus, for a given L, the integral

over xL and YL is integrated only over the area of element L.

* Now the discrete elementwise approximation for hydraulic conductivity, as

- given by (3.3) allows one term for element L in the summation of (3.23) to be

written as:

L ff(.. ,,) B dy dx (3.24)

x LYL

Here, the thickness B is specified to vary nodewise. The formula for B in this

example is obtained by substituting the nodewise expression for head, (3.4), in-

-. to the definition of B, relation (3.2).

The integral over one element, as given by term (3.24), must be evaluated

numerically. In order to do this, the coordinates of the element L, which has

an arbitrary quadrilateral shape as suggested in Figure 3.3, is transformed to

a new coordinate system in which the element is a two-by-two square. Then,

Gaussian integration is carried out to evaluate the integral. For a given com-
*

bnation of nodes i and J, this transformation and numerical integration is

,'- carried out for all elements in the mesh in which both nodes i and j appear.

. (There are 16 i-j combinations evaluated in each quadrilateral element.) The

elementwise pieces of the integral for each i-j combination are then summed ]
according to (3.23) in order to obtain the value of the integral over the whole

821
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" region. The summation is called the 'assembly' process. This element transfor-

mation, integration of the 16 integrals arising in each element, and summation,

makes up a large part of the computational effort of a finite-element model and

.-.. also requires the most complex algorithm in a finite-element model. It is in

-"- this way that the second term of (3.10) is evaluated. More information on finite-

element integration and assembly may be found in numerical methods texts such as

Wang and Anderson (1982), Pinder and Gray (1977), or Huyakorn and Pinder (1983).

The details of this method as applied in SUTRA are given in Chapter 4, "Numerical

Methods."

Cellwise integration of source term

* The last term of (3.10) deals with sources of fluid to the aquifer such as

injection wells. The volume integral may, as before, may be written in x,y,

- and z coordinates:

"• Q(x,y) *i(x,y) dV - Qj j dz dy dx

V xyz

f f .(3.25)
- JJQ *i B(x,y,t) dy dx

xy

where thickness B is introduced because Q* and 0i do not vary with z. It

is assumed that all fluid entering the aquifer within the region of cell i,

which surrounds node i, enters at node i. If Qi 1L3/si is defined as the

volume of fluid entering cell i per unit time, then Q* [a-l), which is the

volume of fluid entering the aquifer per unit volume aquifer per unit time,

is given as:
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* NN
Q (x,y) = (_ )(3.26)

This is a cellwise discretization for the source term, Q. For cell i:

~ff *(°*ff *

B dy dx- B dy dx -QI (3.27)

x y x y

Thus all recharges within cell I due to areal infiltration, well injection or

other types are allocated to the source at node i.

This completes the spatial integration of the governing equation for the

example problem.

3.4 Time Discretization of Governing Equation

When the integrated terms of the governing equation are substituted in

(3.10) the following results:

Si Vi(t)dt + I Mii(t) hj(t) QIN1 + Q (3.28) -

i a 1,NN

These are NN integrated weighted residual approximations of the governing dif-

ferential equation, one at each node i in the mesh. Because of the summation

term in (3.28), the integrated approximate equation for a node, i, may involve

the values of head, hj(t), at all other nodes in the mesh. The other terms -71

in (3.28) involve only values at node i itself, at which the entire relation

is evaluated.
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All the parameters in (3.28) are no longer functions of the space coordin-

ates. Each parameter takes on a particular value at each node in the mesh.

Some of these values vary with time and a particular time for evaluation of

these values needs to be specified. Also, the time derivative requires dis-

cretization.

Time steps

Time is broken up into a series of discrete steps, or time steps. The

length of a time step, At, is the difference in time between two discrete

times, at the beginning and end of a time step:

At n+ n+l - t (3.29)

where Atn+1 is the length of the (n+l)th time step, tn is the actual time

at the beginning of the (n+l)th time step and tn + l is the actual time at

the end of this time step. The time steps are chosen to discretize the time

domain before a simulation just as a mesh (or 'spatial steps') is chosen to

discretize space. The time step length may vary from step to step.

The entire spatially integrated governing equation, (3.28), is evaluated at

the end of each time step, t = tn+l. The time derivative of head in (2.28) is

approximated, using a finite-difference approximation, as the change in head

over a time step, divided by the time step length:

d (tn + Atn) - h (tn)
dh. n+ (3.30)

In order to simplify the notation, the head at the end of the time step,
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n n+1
h,(t n  t ) is denoted h. and the head at the beginning of the time step

1 n+l i

h (tn ) is denoted hn. Thus,
i 1

h -h '

-1 = (3.31) '
dtAtn l.-

The parameters that depend on time in (3.28), V (t), I j(t) and h (t)

n~l
are alsn evaluated at the time, t ,at the end of a time step:

h.(t) h .  (3.32a)
n Jt

t n~l

Vi(t) +1 =V (3.32b)

I in+lI (t)t l = - 'j (3.32c)
SJ it n+l 1]j

The sources, QINi, and Qj , are assumed constant in time for present

example.

Resolution of non-linearities

The variability in time of cell volume, Vi, and the integral, Tij'

depends on the changing thickness of the aquifer with time, B(x,y,t). The

aquifer thickness at node i at the end of a time step, Bin+l, is not known until

the head at the end of the time step is known giving the water-table elevation.

*- This typifies a non-linear problem wherein the problem requires values of coef-

ficients in order to be solved, but the values of these coefficients depend on

the, as yet unobtained solution. This circular problem is avoided in this ex-

* ample by using estimates of the coefficient values in the solution. An estimate

of the head at the end of the next time step is obtained by a linear projection:

hPr°J (Ah + h h (3.33)
ii ~At i
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where hpr°j is the projected or estimated head at the end of the, as yet un-1
hn+l•. .

solved time step, which would have an exact value, h " Actually, in addition

to projection, SUTRA also employs a simple iterative process to resolve non- .

linearities. This is described in sections 4.4 and 4.5 under the sub-heading - a

"Temporal discretization and iteration." 3
A projected thickness may then be determined from (3.33) as:

Bn + l  Bproj = hp roj - BASE. (3.34)

n+ 1 n+l n+1 ro
where B. is the value of thickness needed to evaluate V. and I. B po

i 1 ij i
n+ 1

is the estimated value of B I and BASE, is the value of BASE(x,y) at node i.

Now the spatially integrated equation, (3.28), may be written discretely

in time:

ni-i n
h h. NN n+I n+l iS i i A tn7 + X I ii h=QI o(. 5

n+l =
h~ ) 1 -l,NN .

ween+l n+l Proi

where V and I.. are evaluated based on projected thickness, BPi ' 1 ",; '

3.5 Boundary Conditions and Solution of Discretized Equation

Matrix equation and solution sequence

The NN relations given by (3.35) may be rearranged and rewritten in

matrix form:

87

-. ,..-



- - - -- .. vr . ' . ~ ' ci. s°s

n+ 1

SV 0+l 0 0 0 h +*l

oo0*., 0
... n+l

L 0 0 0 0 NNVNN
o o O .S"-NN

n+l n+l n+l n+l n+1 n+l
I I I I h

11 12 13 14 I,NN 1

n+l _n+l _n+l h n+l121 122 123 .2 . .

n+l _n+l _n+l .n+l
+ 31 32 33 3

n+l
41

. .. . . . .. S

_n+l _n+l hn+l
NN, 1 NN,NN NN

n+l n *SI V hl QIN Ii-"
1 I 1 ~INI

n+l n
S V hQ$2 v2 h2 IN 2  Q2'"."

- (Atl) 3.n+l n + + * (3.36)
3 3 3 IN3 3

n+l n*
SNN VNN hNN QINNN NN

J-'

By adding the two matrices on the left side, and the vectors on the right

side, a matrix equation is obtained which may be solved for the model heads

at the new time level, tn+l, on each time step:

88

, oneachtim ste: J

.......................................
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n+lS1 1 _n l n+l _n+l . . . .in+l .n+l

nnl- -

121 2 2n+I n+l h +l(tn~ 22 123 2

n++lh 
n+

.31 32 NN NN n3

+n + l  "
n+l S NN VNN _n+l "..

NNI . At INNNN hn+l

Ln+1 NN

n+l n *
S V h + + Q

1 I IN
At n+l

n+l n

S2 V h Q+
2 2 2 IN + 2
At2

n+l

(3.37)

n+l nS V h
NN NN NN ..+ IN +Atn+ QINN Q NN ..

At* 1  NN

The solution progresses through time as follows: On a given time step, the

nodal heads at the beginning of the step are known values and are placed in h-i

on the right hand side vector of (3.37). The thickness-dependent values are

determined based on the projection of B in (3.34) using projected head of .* -

(3.33). The integrals and volumes are evaluated and the matrix and vector com-

pleted. The nodal heads at the end of the current time step are solved for by

Gaussian elimination for the (banded) matrix on the left of (3.37). The new

n
heads are then placed on the right side of (3.37) into hn , and a new time

step is begun.
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Specification of boundary conditions

Before solving the matrix equation as described above, information about

boundary conditions must be included. In the case of solving for heads, the O

boundary conditions take the form of either specified fluid fluxes across

boundaries which are directly entered in the terms, QINi, or of particular

head values specified at nodal locations. At a point of fixed head in an aquifer,

a particular value of fluid inflow or outflow occurs at that point in order to

keep the head constant when the aquifer is stressed. It is this flux of fluid

which is added to the model aquifer in order to obtain fixed heads at nodes.

Consider the closed system of Figure 3.5 in which head at node i, hi, is

to have a specified value, hBC, for all time. A well is removing water from

the system at an internal node. A core of porous medium with conductance v is I

connected to node i. The head outside the core is held at the specified value,

hBC. The head at node i, hi, is calculated by the model. A flow of QBC.

[L3/s) enters through the core at node i in order to balance the rate of fluid

removal at the well. The resulting head at node i depends on the conductance

value v of the core. If v is very small, then a large head drop is required

across the core in order to supply fluid at the rate the pumping well requires.

This results in hi having quite a different value from hBC. If, however, v

is very large, then the value of head at node i, is very close to hBC, as only

a minute head drop across the core supplies the fluid required by the well. 0

Therefore, by applying flux to a node through a highly conductive core, the out-

side of which is held at a specified head value, the node responds with a head

value nearly equal to that specified. An advantage of specifying head this way 5

qo _ *1
c~ ().
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CON DUCTANCE

WELL

INFLOW QBC1 i V(hC - hi)

Figure 3.5
Schematic representation of specified head (or
pressure) boundary condition.
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is that when head at a node in the mesh is fixed, a calculation of the flux

entering the mesh at this node is obtained at the same time.

This flux is defined as follows:

Bci " (hBc- h+l) (3.38)

where QBC is the inflow at node i resulting from the specified head boundary
1

condition, v, is the conductance of the 'core', and hBCi is the specified

value of head at node i on the boundary.

The matrix equation (3.37) may be written in short form as:

NN Mn+l n+1 (h n + Q * Q + + (BCijil iJj 3 At n+I )hi + i IN 3.39)

i - 1,NN

wherein an additional flux BCi has been added to account for specified

head nodes. At such a node, say node A, the equation is: 0

X N~j n k Qn+lQ--
NN Aj h hA + QA + QIN X C h Ah (3.40)j Atn+l hBC A A

O

where v is very large, then the last term dominates the equation and (3.40)

becomes:

h hBCA  (3.41)
A BCA

n+ 1
Thus the specified head is set at node A, but as hA and h are slightly

A %C

different, a flux may be determined from (3.38).

o
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The third term of expanded relation (4.39) involving the divergence of

fluid flux is weighted with the asymmetric function. The asymmetry is intended

for use only in unsaturated flow problems to maintain solution stability when

the mesh has not been designed fine enough to represent sharp saturation fronts.

In general, the usual symmetric function is used for weighting this flux term

even for unsaturated flow, but the term is developed with the asymmetric function

in order to provide generality. Green's Theorem (3.17) is applied yielding:

A1

f -Vp - P& W (x,y) dV

u AA

f[I (k k p ) ( V - d

A (4.43)

wherein the terms with carats are approximated discretely as described below,

n is the unit outward normal to the three-dimensional surface bounding the

region to be simulated, and r is the surface of the region. The asymmetric

weighting function in global (rather than local) coordinates is denoted, O

W (x,y). The first term on the right of (4.43) is exactly the fluid mass flux

(see Darcy's law, relation (2.19)) out across the region's boundary at node i,

q. (t)uin units of IM/si:

i:i
A fA (4.44)

q U t f(EPv n) W dr f j(L!P) .(Vp - PEl n

r r Ui

1. O8
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v ri rh., wi.'h, i futirtirion in global coordinates chosen to be

b r ', hAs t, ir ,n 1 ion. 1 or the asymmetric veighring function,

. ., ,enil us on rbho term of the equation. Re6aion ( 4.38) is approxi-

I-'i J1!!> n U't ''Ivt it Sl .St It'. ' f- )T!-' (p ,L:' in (4.3)I. The resulting set of
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Sf rT Vi i Uj !t o, 1111- rprM Lt time in the follot..'ing paragraphs.

I,,t i r r r term is an InI e r" i ot the pressur derivat ive

-/ *,; + ) . , ,. dV (4.40)
1. 0 Tl

Io -Cm i! brack e, is ,.!iscretized cell I cc with one value of t ho term

fo.,r ,oi,-h or the \\ ,'Is in -he mesh, and the weighting function is chosen to he

ohe ai. funiot iotn ,,rirtcen in global coordintes) The carat or large

irr o>'. over a term indiciates that it has been apirnximated in one mi the

n hr,,,s v-s . hoc in c' the cllvi se-.pproxImar e, term is consrtant, for a node i, it

iso , Jved f- tom tne ini t.... r.i I iouinp oniv the basis function to be integrated.

Kh,, ,.-c imo, iu ,.~t o i : - g ives th,, volume V of eli accordinR to '

r 1, i,,I I . . Th- te rm 4. 4if. becoms:
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4.4 Numerical Approximation of SUTRA Fluid Mass Balance

The governing equation representing the SUTRA fluid mass balance (2.24), is

modified by the addition of a point source term which is used to insert points

at which pressure is specified. This is done as described in text referring to

relation (3.38).

O(pU) S s +P + (Cs u

- L\V (Vpp~ -V (4.38)

- V p(PBC - 0

The last term is the source term arising from a specified pressure condition,

wherein vp is a 'conductance' and pBC(t) is the externally specified pressure 6

boundary condition value. When Vp is set to a sufficiently large value, the

last term becomes much larger than the others in (4.38), and p = PBC, which is

the desired boundary condition. Relation (4.38) is numerically approximated in

the following sections.

Spatial Integration _S

When the equation for Op(p,U) is approximated through nodewise, elementwise

and cellwise discretizations, it no longer exactly equals zero. The approximate

A
equation, 0 (p,U), equals a spatially varying residual, Rp(x,y,t), as shownp

in (3.8). A weighted residual formulation may be written as:

.1.00l
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The values of VO are in global coordinates and are obtained by transformation

of derivatives calculated in local coordinates.

Gaussian integration is applied independently to each integral:

2 2

AiV0 V B(det J) ) (4.36)K =1 K =1 K n K..

or equivalently as a single summation:

E R - j - I

A.. = l [v. B(dt~kKG' KG) (.7

where KE and K. refer to Gauss point locations in the E and q directions, and S

where CKG and nKG refer to the four Gauss points arising in (4.36) as depicted

in Figure 4.3. Thus. in order to evaluate the integral (4.34) over a given

element, only four values of the integral need to be summed as given in (4.37),

with one value determined at each of the four Gauss points.

In the case where an element is a non-rectangular quadrilateral with

variable thickness B, the polynomial to be integrated in (4.35) is of fourth

order as each of the terms may vary linearly in the same direction. Otherwise

it is always of third order or less, and two-point Gauss integration provides

exact results.

Note that the summation indication by (4.37) over the Gauss points is

carried out by SUTRA subroutine 'ELEMEN' for each element in the mesh and for

each integral which requires evaluation.

S
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NOE NODE 3
(-1,1

GAUSS POINT 3 I GAUSS POINT 4
x IxI

(-0.0577, 0.577) (0.577, 0.577)

--------------- F-- -- -- -- -- - ----

(-0.577, -0.577) (0.577, -0.577)

x Ix
GAUSS POINT 1 I GAUSS POINT 2

NODE 1 NODE 2

Figure 4. 3
Finite element in local coordinate system with Gausspoitnt s. ~
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encountered are usually of order three or less. In this case, the constants,

GK have a value of one and (4.32) simplifies to:

+ 2

J f(T) di N KG (4.33)

I= -1- KG=1

The values of iKG for Gauss points one and two, are minus and plus 0.577350269189626,

(or * 3-4 respectively).

The need to define a two by two element in local coordinates is apparent

here. Gaussian integration is done over a range of two from -1 to +1. In order

to integrate a term of the differential governing equation over an arbitrary

quadrilateral element in the mesh, the limits of the integral must first be 6

transformed to values of -1 and +1, that is, to local coordinates. When inte-

grating a double integral., both integrals must be transformed to have limits of

-1 and +1, and two Gauss points are needed in each coordinate direction. These

are defined as shown in Figure 4.3.

An example, evaluating the integral of (3.24) follows: The integral to

evaluate is:

A.. =ff(Vo. V4.) Bi dy dx (4.34)

XL YL'

where xL and YL indicate that the integral is over the area of an element L in

global coordinates. First, the (x,y) integral is converted to an integral in

local coordinates (C,q) through use of the Jacobian:

+ 1 +-1" B

A. = (V . V.) B (det J) dn d (4.35)
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I J22 -J121

wheredet r I -( ~4-()4.29)

where det J is the determinant of the Jacobian given by:

det J -Jl J2 2 - J12 J (4.30)

The determinant may vary bi-linearly over an element.
.1J

Differential elements of area, dA, are transformed between local and global

coordinate systems as: I.
dA - dx dy (det J) dE dq (4.3I1)

Note that the Jacobian matrix, determinant of the Jacobian, and the deri-

vatives of the basis functions in local and global coordinates are calculated

* in SUTRA subroutine, 'BASTS2'.

4.3 Gaussian Integration

S Gaussian integration is a method by which exact integration of polynomials

may be carried out through a simple summation of point values of the integrand.

The method is:

t-+1 NP

f(i) d'r =G f (-1 (4.32)
f-1KG KG

where f(T) is the function to be integrated between T -1 and T -+1. KG is the

Gauss point number, NP is the total number of Gauss points, GKG is a constant,

and TKG is the location of the KGth Gauss point. An exact integration is guar-

anteed by the sum in (4.32) if (2n-1) Gauss points are used for a polynomial f(')

of order n. For evaluation of integrals which arise in the SUTRA methodology,

only two Gauss points are used in a given coordinate direction as the integrals

,°

1- ?

S'

l 02 -*..- . ..-- ,--' ----..-.- *--.. - - *---.m--..--.~-



involves a linear remapping in each coordinate direction and employs the basis

functions to provide mapping. The Jacobian matrix [J] is calculated separately

for each element that requires transformation and may vary from point to point

in an element.

L- I aLQ2 agt3 2-Q4 x3 Y3 .

The11 ~ 2 Y2i~ -~ ? (4.25)

The numbered subscripts refer to the local element numbering of Figure 4.1.

The Jacobian matrix is used to transform derivatives of basis functions from

the global to the local coordinate systems and the reverse:

ax ~ .a.±' a , _ax ]  (4.26)

where:

- ax a .

P1 = j- ax J ~ y(4.28)

% The subscript j refers to any one of the four nodes in an element and *.refers

tht

to the global basis function as defined for the j thnode in an element. The

same transformations apply to derivatives of the asymmetric weighting functions

which are denoted w. in global coordinates. In (4.27', [J is the inverse

.. .. .- -

[axa mari deie s
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The parameters a and a determine the amount of asymmetry (or upstream

weight) in each coordinate direction. When these parameters have a value of

zero, then the basis functions and their derivatives, equivalent to (4.5)

through (4.12) are exactly obtained from (4.13) through (4.22). The values of

a and a depend on location in the element:

a (UP) (.l (4.23)
1I ocalI

v
a (UP) I~lcal) (4.24)

where UP is the fractional strength of upstream weighting desired (chosen by the

model user), vE(&,n) and vn(C,n) are the components of fluid velocity given

in terms of local element coordinates, and Iv (C,1) is the magnitude of
-local

fluid velocity given in terms of local coordinates. Each velocity component may

vary in value throughout the element. A description of the calculation of fluid

velocity is given in section 4.6, "Consistent Evaluation of Fluid Velocity."

Note that the basis functions, weighting functions and their derivatives are

calculated by the SUTRA subroutine 'BASIS2'.

4.2 Coordinate Transformations

During calculations for the finite-element mesh and during integral

evaluations, transformations are required between the global (x,y) coordinate

system in which an element may have an arbitrary size and quadrilateral shape,

and the local (E,n) coordinate system in which each element is a two by two

square. Transformations are required in both directions. The transformation

100
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to give an 'upstream weighting' to the advective flux term in the transport

equations or to provide 'upstream weighting' to the fluid flux term in the fluid

mass balance when the medium is unsaturated. The asymmetric functions are defined

as follows:

~(~,) (z - )(H -H*) (4.13)

0 (~ri E + (H H)(4.14)

*03(, + *)(H+ + H*) (4.15)

(0 4 F,1 (H. + + (4.16)

3a +(4.17)

H 3 3a (4.18)

Ihe spatial derivativt-s are:

I~ (-3a) (H_- H*) a 2 1-3a )(E -3)(4.19)

+T ~-v3 a %, Ff H,1 ) (1- 3a,nM + (4.20)

a =9 + 1~(-3a) (H+ + H*) + L(13a , (3 +3)(.1

2 all 2H+do( (4.21)

-4 1-3 (H\ + H4 + 1 13an) (42-
ar2 r) 2aTI
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S Figure 4.2
Perspectives of basis function 2ji(C,q) at node i.
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1l(_.n) E H (4.5)

+H_ (4.6)

Q3(&'n) E H (4.7)

= _H (4.8)

The two-dimensional bi-linear basis functions, when defined in the local element

coordinate system are denoted as Q (E,n), i1,2.3,4. There is one basis function

defined for each node.

The basis function Q., defined for node i, has a value of one at the node

and a value of zero at the other nodes. The surface representing 9i (,n) over

an element is curved due to the product of E and n in equations (4.5) through

* (4.8). A trajectory in the surface parallel to an element side, however, is a

perfectly straight line as shown in Figure 4.2. This is born out in the der-

ivatives of the bi-linear basis functions which depend on only one space co-

ordinate:

Sl (4.9)
2- - Ti 2 (4.9
1- @f2 _ 'IS

2_ + I H i (4.10)

-3 -+- H -p3 -+ - (4.11)

4 H LS'4 + _(4.12)
aE2 + an 24.2

Asymmetric weighting functions are defined for use in a Galerkin-Petrov

method (one version of which is described in Huyakorn and Pinder. 1983). These

are not applied for nodewise discretization of parameters, but rather for

weighting in the volume integrals of the governing equation. They may e used

U9
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Chapter 4

Numerical Methods

In this section, the numerical methods upon which SUTRA is based are presented

in detail. The purpose of this presentation is to provide a complete reference for

the computer code.

4.1 Basis and Weighting Functions

A

Basis functions, weighting functions and their derivatives are all described

in local element geometry. In a local coordinate system, every element takes the

* l shape of a two by two square. The local coordinates, E and n, are shown along

with a generic local finite element in Figure 4.1. The origin of the local

coordinate system is at the center of the element. Local node one always has

local coordinates (!, r) - (-1, -1). The other nodes are numbered counter-

clockwise from the first node as shown in Figure 4.1.

The following one-dimensional basis functions are defined over the region

of the element:

1

M I +(1 E) (4.2)1

H() (1 - (4.3)

1
H+(n) = - (1 + n) (4.4)

These linear one-dimensional basis functions are continuous in E and n and

have either a value of zero or one depending on whether C or n have a value

of +1 or -1. The one-dimensional functions are combined to create the bi-

linear basis functions used in SUTRA:

PREVIOUS PAGE
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This term is used to specify fluid flows across boundaries in SUTRA. Note that

an inflow, qlNi(t) is qlNi -qOUTi.

The second term on the right of (4.43) is approximated using a combination

of elementwise and nodewise discretizations. The approximation of (Vp -

requires particular attention and is discussed in section 4.6, "Consistent

Evaluation of Fluid Velocity." The permeability tensor appearing in (4.43) in

general has nine components, however, (Vp - pg) Is always zero in the third

spatial direction due to the assumption of a two-dimensional model. Thus only

four components of the permeability tensor are required:

kL LX ky
Fk k (4.45)

L ~L L

yx yy

L
wherein k and is discretized elementwise as indicated by k The pressure is

discretized nodewise:

NN
p(x,y,t) p ) i(x,y) (4.46)

Relative permeability, kr, depends on saturation which, in turn, depends on

pressure. Relative permeabilities are evaluated at each Gauss point during

numerical integration depending on the saturation (and pressure) at the Gauss

point. Viscosity is evaluated at each Gauss point for energy transport as a

function of nodewise discretized temperature, and is constant for solute

transport.
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Densitv, p, when it appears in the permeabjlitv term, is also evaluated at

each Gauss point depending on the nodtewise discretized value of Ui at the Gauss

point. The df-ns-ity appeiring in product with the gravity term is expressly

not evaluated in this usual manner. A particular discretization is used which

maintains consistenicy with the Vp te-rm as described in section 4.6, "Consistent

Evaluation of Fluid Velocityt 1 . This consistentlv-evaluated pp. term is denoted

* pZ, (see relation (4.103)).

*The second term on the right of (4.43) is thus ap)proximated as:

p t/ f j[(k") (rp)J-Vo4.-Vw. B(,,,) dy dx(4 )

j~l

x y

whe re k indicaites an etemenitwise discretized permeability Lensor, (r)

VI

*indicatfes the valuie of the trprm ba.sed on nodewise diSCretized values of p and F,

aind (rg) judicates- a discrot ization (if (pg) consistent with the discretizza-tion

()t Vp. The thi rkness of' t h- mesh, B(xv),is evaluated at ea_-ch Gauss point

dependin on .-)t nodewisfe d isr7 ct i zat ioo

whe-re B. is heit mosh thickness-_ ;it node i .Note that Mesh thickness is fixe-d

Arid nay niot vatry in time as was a] lowod for ill ustrative purposes in Chaipter- ',I

Fitnriam n t a I s ()t Nurio r i calI A I go r i t hit,..

Fh. last t rwo tirmfl5; of (4. '01 ar I.ppro~iMat ed CPl IWiSoI With .n hdSils

f unc t i on for wk-i ght irIg.
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K

(4.49)

The cellwise discretizations which are employed in the above evaluations are:

NN Q.

Qp (4.o50)i=l (Q-

A NN:

QPBC] = pPBC = [ i (PBC i - Pi)] (4.51)

where V.is the volume of cell i, Q1 (t) [M/s] is the total mass source to cell i,

3
QPBC (M/L 3sl is the fluid mass source rate due to the specified pressure, and

v.[L-sJ is the pressure-based conductance for the specified pressure source in

cell i. The conductance is set to zero for nodes at which pressure is not _

sperified, and to a high value at nodes where pressure is specified.

Bv combining and rearranging the evaluations of approximate terms of

(4.39), the following weighted residual relation is obtained: .

NN
AF - +CF i + p(t) BF.. + v p + vp + q + DF.

idtl i dt 1 ii "i i i BC. IN*t=1 i i

1,N--- (4.52)

whero:

AF. S (PS +p as~w V1 (.3
, op .

k P
A Fi = (w~o +-) V1  i i  (4. 54)

B [VO Vo•. 1- d dx (4.55)
I'I

BF ] f 1[( )(kr)" E V B dy dx (4.56).-

"x --fI(l;)Il ,-



The only integrals requiring Gaussian integration are BF and DF . Note that
ij i

these are evaluated in SUTRA subroutine ELEMEN in an element by element manner.

The other terms except for those involving v are evaluated cellwise (one for

* each node). Note that this is done by subroutine NODALB, and the specified

pressure terms are evaluated by subroutine BCB.

Temporal discretization and iteration

': -. The time derivatives in the spatially discretized and integrated equation

are approximated by finite differences. The pressure term is approximated as:

n+l n

-pi(4.57)
dt - At

n+1

where

n P(t n ) (4.58a)" Pi P 4.8a

nPi P At )- P (4.58b)

and 0

- . tttn+l (4.59)

* The new or current time step, At n+ begins at time tn and ends at time t , 1

The previous time step for which a solution has already been obtained at time

tn is denoted At

tn

The term in (4.52) involving the time derivative of concentration or temp-

erature, makes only a very small contribution to the fluid mass balance. For

solution over the present time step, At+ I, this derivative is evaluated using
n*.-1

information from the previous time step, as these values are already known:

1.12
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n n-1_ U. - -.
--i d U ) U .F 7

dU. (dt. " 1 t ~l(4.60)
dt dJ At

Un

This approximation gives a simple method of accounting for this small

contribution to the fluid mass balance.

n+ 1All other terms in (4.51) are evaluated at the new time level t for

solution of the present time step, At n+, except for the density in the

consistently discretized pg term. The density is evaluated based on u(t

the value of IT at the beginning of the present time step. Because coefficients

depend on the, as yet, unknown values of p and U at the end of the time step,

one or more iterations may be used to solve this non-linear problem. On the

first iteration, and when only one iteration per time step is used, coefficents

are based on a projected value of p and U.

p n (At+n+l)(pn - n-l) (4.61)Pi~ ~ A = Pi +  t-- -

n

At
Uproj U n + ( n+l U n U n- (4.62)

At ] .'/n
proj an p r oiat"

These projections estimate the p and U values at a node i, p l U i a

the end of the present time step, At based on linear extrapolation of the .
n+1'

two previous values of p and U. All p and U dependent coefficients (except p&)

n+ 1
in (4.52) through (4.56) are estimated at time level t These coefficient -

values are based on the most recent values of p and U, be they projections or S

solutions to the previous iteration. Iterations end when the maximum change in

p and U at any node in the mesh falls below user-specified criteria of absolute

change in p and U.

1
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The weighted residual relations (4.52) may thus be written in a form which

n+l
allows for solution of pressures at nodes, pi , at the end of the present time

step:

An + l

(AF ) n+l NN n+1 n+l n+l n+l (463

t Pi + Pi BFi' + V. Pi (4.63)"

(AF n+ 

:'j

n+l n+l (n+l) *  1 n ( n+I [dUi n-.,

i PBc + q + DF + Pi + CF " "-/
i i. in+ldt

i 1 1,NN

where the superscript involving (n) or (n+l) indicates level of time evaluation.

The term with level (n+l)* indicates that the (pZ) term is evaluated at the (n)

time level on the first iteration, and at the most recent level on subsequent6I

iterations. The other coefficients are evaluated at the (n+l) time level by

projection on the first iteration, and at the most recent level on subsequent

iterations.

Boundary conditions, fluid sources and sinks

Specified pressures are obtained through the cellwise addition of a fluid flux,

(see Figure 3.7), QBC. IM/sl with reference t,, (4.4)): '

n+l n+l n+lQ- pi (4.64)
BC i BC. 11 1

* For a cell in which \ is specified as a large number, this flux term dominates
1

n+l n+l
*the fluid mass balance and p+ + achieving a pcteprsueath

PBC i ,n specified pressure at the
node representing cell i. Note that specified pressure may change each time step

For cells in which pressure is not specified, v,. is set at zero, and no fluid 7

is added to the cell by (4.64).

n+l
Both fluid sources, , and fluid inflows across region boundaries,

q n+l , are specified cellwise. They directly add fluid mass to the node in
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cell I. Thus, fluid sources and boundary inflows are indistinguishable in the

model. Fluid sources and flows across boundaries are both accounted for by the

vector Q n+ in SUTRA, and are referred to as fluid sources. Thus the term,

n+^1 n+1
, in (4.63) may be dropped and the definition of Ql may be generalizedgIN I -.,

to include the boundary flows. - (.65

The form of the discretized fluid mass balance implemented in SUTRA is as

,- follows:

NN Z AF t n+1 6 P n+1 Q V pn+i

Ati ii I Qf+ I ViPBC-1 A.n+1

AFn+1 (4.65) '

DF n+ l  + -i n + (Fn 1 \I,NN
I Atn+1 I t

wherein S is the Kronecker delta:
0 ij

ij if iJ (4.65a)

4.5 Numerical Approximation of SUTRA Unified Solute Mass and Energy Balance

The governing equation representing the SUTRA unified energy and solute

mass balance (2.52) is modified by the addition of a point source term which

arises due to fluid inflows and outflows at points of specified pressure:

0 (U) -[ S PC + (1-E ) s 1 + S pc V _VU"
u ww ss at + SwP w- V-

V P S (a 1 + D) + (1-c)a I 1

- Qp Cw (U - U) - S wPy1 U - (l-)paYI U a ES -
s (I-E)pY

* - Q~PBC W(IIBC- )-0(.6
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The last term is the solute mass or energy source due to fluid inflow at a point

3
of specified pressure, QPBC [M/L 3s] is the mass fluid source rate given by

(4.51), and U is the concentration or temperature of the flow. For outflow,
BC

UBC U, and the terms goes to zero. Relation (4.66) is numerically approximated

in the following sections.

Spatial integration

When the equation for 0 (U) in (4.66) is approximated through nodewise,
U

elementwise and cellwise discretizations, it no longer exactly equals zero. The

approximate equation, 0 (U), equals a spatially varying residual, R (xyt),
ariU

as shown in (3.8). A weighted residual formulation may be written as:

A _..

f 0u(U) W(xv) dV 0 i 
,,NN (4.67)

where W.(xN,) is the weighting function, chosen to be either the basis function,

0.(x.v) or the asymmetric weighting function, w (x,v). depending on the term

of the equation. Relation (4.66) is discretized and the approximation is
A

substituted for 0 (U) in (4.67). The resulting set of integral terms is eval-
u

uated, one term at a time, in the following paragraphs. '4

The first term is an integral of the temperature or concentration time

derivative:

A")

f s PC + (l-E)pc 1 0 (x'V) dv (4.68)

V '

where the term in braces is discretized cellwise, and the weighting function is 7
the basis function, (written in global coordinates). As the term with a carat

in bracps has constant value over a cell, i, the integral contains only the

basis function and equals the cell volume, Vi , according to (3.15). Thus the

term is:
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au (.9
SwPCW + (l-E)PsCsI at' Vi (4.69)

The second integral is:

E( PC V-VU W (x,y) dV (4.70)

where the asymmetric weighting function is chosen to allow the use of 'upstream .

weighting' for this term representing advective transport. 'Upstream weighting'

is intended for use only when the finite-element mesh has been designed too

coarse for a particular level of dispersive and advective transport. The

asymmetric function adds dispersion in an amount dependent on element length

in the flow direction. As a result, it changes the parameters and thus changes

the physics of the problem being solved. This term is written in general to -

allow upstream weighting, but simplifies to weighting with a basis function when

upstream weight (UP in (4.23) and (4.24)) is set to zero. Thus, in order not to

alter the physics for most simulation problems, this term will have symmetric S

weighting.

The coefficients in this term (except velocity) are evaluated at each

Gauss point and are represented depending on nodewise discretization of p and S

U. Porosity is discretized nodewise. Nodewise discretizations of E and U

are written:

NN -

C(x,y) E 411 
( x ' y )  (4.71)

ia 1

NN

U(x,y,t) U (t) *1 (x,y) (4.72)

in11
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The velocity is evaluated at each Gauss point during numerical integration

in a particular way that depends on consistent discretization of Vp and pg terms

in Darcy's law. This consistent approximated velocity is denoted v. Thus the

term (4.70) is evaluated as:

Uj(t) Sw c v V0l wi(xy) B(x,y) dy dx (4.73)

jul f f [ W w
x y

wherein B(xv) is the nodewise-discretized mesh thickness (4.47). Specific

heat, cw, is a constant.

The third term of (4.67) is:

fvJIc sw (a I + D + (I-C)o I .VU (xy) dV (4.74)

V
0

where the basis function weights the integral. Green's Theorem (3.17) is

applied to (4.74) resulting in:

r .A

A (4. 75)

+ fP pCIS (01 + D) + (1-Ci I 1 VU> dV
L w i.V

where the carat refers to the entire terms in braces. The first term represents

the diffusive/dispersive flux of solute mass or energy out across a system boundary

in the region of node 1. This term is denoted, T  An influx would be
OUT

-O1 or VIN The second term is based on nodewise discretization of U.
OUT IN

The coefficients p and S are evaluated at Gauss points based on nodewise dis-
w

cretization of U1 and p. Porosity, f- is discretized nodewise as in (4.71), and

cw , Y and a are constants. The dispersion tensor, D, is evaluated at each
w q
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Gauss point according to equations (2.38) through (2.40b). Velocities used in

this evaluation are the consistent values, v, and dispersivities, a and aT

are discretized elementwise except that uis evaluated at each Gauss point -

for the anisotrtopic media model. The approximated D is denoted, DThus, the

term (4.74) is evaluated as:

y + E U (t )/ )PC4s( I + D a1-E I' .V" B(x,y) dy dx
IN. jw J ) (-) _

X
(4. 76)

The remaining terms in (4.67) are discretized cellwise with the basis

function as the weighting function:

- /pc(U -U)~ 0 (x,y) dV Q - Q (U. - u.) a

V

- ACES Pyw Ul O.(x"y) dV - ES PYJ U WV (4.78)

V

- .'(I-tP YSUs] 0.(x,y) dV -- [(1-EIpsy Us]V, (4.79)

V

w o (] E~ 5 S] 0,(X,y) dV w L (4.80)

V

- I[QPBCcw(UBC U) *ix'y) dV - B (BC - .) (.1
V

where:

Q p(B (4.82)

and:

N N (BCr

Q1PBC - . (4.83)
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The relation, (4.79), is non-zero only for solute transport and the value of U
S

is given for solute trasport by the adsorption isotherms in the form:

U a C - sLC + s (4.84)

S s L R

where s and sR are defined in section 4.7, "Temporal Evaluation of Adsorbate

Lw R
Mass Balance." In the above cellwise relations, c 1 and y are constant,

w s
and Y, SL, and sR may vary cellwise and with time.

By combining and rearranging the evaluations of integrals in (4.67) and the

definition (4.84), the following NN spatially discretized weighted residual re-

lations are obtained:

dU. NN NN
ATi + U.(t) DT.. + I Uj(t) BTi. - (GT. + G TL ) U (t) + Qic U.(t)

i dt - wi

+ QBC.cw Ui(t) QicwUw + QBC.cwUBC + 7IN + ETi + GSTR. (4.85)

i -1,NN

where:

ATi CS wPcw + (l-O)Pscsi V. (4.86) U

~* 1

DTj f (Sw- p)c V VO i B dy dx (4.87)ij J w w- - j
x y

^r (4.88)
BT. f f c4 ;SWawI + D) + (1-)(I I1 voj-VOVO B dy dx

xy

CTi C(S 0 V1  (4.89a) 7GTI w W)1
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G TL. -( )Pv YS j V~ (4. 89b)s 1 S i L]'

G TR. (1-E)ps y s (4.89c)s I i 1.],V

ET = [ESwPY + (1-E)psJ V. (4.90)
il

The only integrals requiring Gaussian integration are DT.. and BTij. Note that

these are evaluated in SUTRA subroutine ELEMEN, in an element by element manner.

The remaining terms that do not involve QBC are evaluated cellwise by SUTRA sub-

routine NODALB. Also note that the flux terms arising from specified pressure

(those with QBC ) are evaluated by subroutine BCB.

Temporal discretization and iteration

The time derivative in the spatially discretized and integrated equation

is approximated by finite differences:

n+l n
dU. i (4.91)

- l - An+1

where:

t n+l- Ui(tn +Atn) - Ui(tn + l) (492b)

t nl

All terms in (4.85) are evaluated at the new time level, tn , except the

velocity in (4.87) and the dispersion tensor in (4.88) which involves velocity

are lagged on the first iteration. Because coefticients depend on the yet

unknown values of p and U at the end of the time step, one or more iterations

may be used to solve this non-linear problem. On the first iteration, and when

only one iteration per time step is used, coefficients are based on a projected
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value of p) and 11 as givk.n by (4.61) and ( 4.62) . On subsequent iterations

coefficients arc, based on the most recent value of p and U. I tera t ions e rid

when the convergence c'riteria are satisfied.

On tht, f irst iteration , and when onlyv one iteration per time step is used,

n n-I n-I
he ove I oc it LjePs a re t.v a I u at Ve ( b as e-d o n p. ,U and p . This is because the

pressure gradient, in the velocity calc-ulation, Vp ,is based on pressure-- cai-

n-i
cu bared when the fluid detns itv was p Onl subseqluent iterations yelorcit i es

.ire C ce trat ed us in2 the pressure solutorion for- the most recent iterati on together

with the, densities restiltinR [rom the previous iteration urion which the most re-

ii-fr pressure solut ion was baised. No spuri ous velocities, which arise frnm mis-

matched p and p, are generated this way. The flux term, 0QC ari si ng f rom the

spctied pressures is evaluated on the first iteration at the hegirning of

the t ime step in terms of 1,iand p Bc* on subsequent iterations, it is based

ein thle most recent press-ure solu tion Ia nd (IBCn
BC

Thie relaitions (4.875) may tiius be written in a form which allows for solu-

n+l
ten of concent ration or temperature at nodes, I *at the end of the present

t imt st 1,T):

S-

1 n + ,n DTI +~ t;1+1. -~ + (G~n+1 +GTIn+1)n~

ri+ r+ + I* r,+1 n-s.I *i+ I ( n+1 * nt+I I+ I rn+I
w Bc w Ui i w Ui QBC, w UBC, IN. + 1

+ G* YR + i=l,NN (4.93)

Hip n )I* live I i nd icat Ps tWh~it. ye le i t v ind on(, a re- ev.a Iuat, i on t he f irst

te eT- o _ilt rht- t im-, st 1) tn -ind enT subhsequJent i t trat i ons, at th fiIost
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Figur _ 5.

Finie-elmen mes in adil cordintes
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Integrals R and R are exactly analogous if: xar, yuz, and
r C

B(x,y) 2wr (5.9)

Thus, bv a simple redefinition of coordinate names, and by setting the mesh

thickness, B, at each node, equal to the circumference of the circle it would

sweep out when rotated about the r-O axis of the cylinder (Bi-2wri), the

SUTRA simulation is converted exactly to radial coordinates. Figure 5.1

shows a mesh and the volume it sweeps out when in radial coordinates. Each

element becomes a three-dimensional ring when used in radial coordinates.

5.3 Pinch Nodes

Pinch nodes are employed to ease mesh design when large changes in the "

densitv of elements are desired over relatively short distances. See Figure

5.2, where pinch nodes are indicated by open nodal dots. This would aid in

design of a mesh, for example, in which a large model region is required in

order to properly simulate the ground-water flow system. However, only a small

portion of this region need be simulated with transport. The fine mesh required

in the transport region can be quickly coarsened to the region where only flow

is of interest.

Unfortunately, use of pinch nodes tends to increase the band width of the
S

simulation problem although it can significantly decrease the number of nodes

in a simulation. Thus with a band-width matrix equation solver, as employed --.

by SUTRA, the use of pinch nodes in a mesh does not always lead to an advantage

of dpcrpased computational time. The pinch node option is included, however, as

the solver is modular and may be replaced by non-band-width-dependent methods.
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and k is given by (4.45). The result is:

L k1 2 1 2
k - k cos 8 + k sin 8 (5.5a)xx max mmn-.

L L 2 1 2
k k sin 8 + k. cos 8 (5.5b)
yy max min

k = k L (k - k ) sinO cosO (5.5c)
xy Vx max min

5.2 Radial Coordinates

SUTRA is written in terms of two-dimensional Cartesian coordinates x and

y. In general, the two-dimensional numerical methods are applied to Cartesian

forms of the governing equations; however, because the mesh thickness, Bi, is

allowed to vary from node to node, radial coordinates (cylindical coordinates),

r and z are an exact alternate coordinate set.

A function, f(r,z), of radius r, and vertical coordinate z, Is integrated

over a cylindrical volume as follows:

R f J f(r,z) r dO dr dz (5.6)

zr 8

Assuming symmetry with respect to angular coordinate 0 (fir,z) does not depend

on 0), the integral becomes:

R f f f(r,z) (2wr) dr dz (5.7)

z r

This Integration may be compared with a general integration of a function

g(x,v) in Cartesian coordinates as it is carried out in SUTRA methodology:

R f f g(xv) B(x,v) dx dv (5.8)

v x
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Chapter 5

Other Methods and Algorithms

5.1 Rotation of Permeability Tensor

The aquifer permeability may be anisotropic (as discussed in section 2.2

under the heading "Fluid flow and flow properties," and may vary in magnitude

and direction from element to element (as shown in (4.45)). The permeability

in each element is completely described by input data values for kmax, kmin

and 6, the principal permeability values and the direction in degrees from the

global +x direction to the maximum direction of permeability. The evaluation

of integrals (4.55) and (4.56) as well as the velocity evaluation (4.97) require 6

the permeability tensor components in global coordinates as given by (4.45).

Thus a rotation of the tensor is required from principal directions (xp,xm) to

global directions (x,y), as shown in Figure 2.2.

The rotation is given by:

kL -T k L JT (5.1)

where

kL  ax (5.2)

sin .

= ~(5.3) -""
tsine cose . -

T I(5.4)
L-sinO cose@
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n+1 pro j proj

~n+1 x1 p 0+ 1 o 1 ~2 0 Cioj
C~o) (+ Cro)(4. 112a)

(1 roj 2 'po i '2 o

n+l
The coefficient, r 1, is defined as:

1 2+ + (4.112b)

2 0 1

s 1 0 (4.112c)
L ( '2

pproj

To he first iterato on (.1ai tie step, ac ieato and the motrcetvlecod C.r on

subsequent iterations for the time step.

U
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Finally, for- Langmuir sorption the form used for the temporal evaluation

prerercres depenidence on a linear relat ionship to C. However, the linear rela-
C

ionship is appropriatie unlv at low solute concentrations. At high concentrations,

t he adsorbate concent rat ion appro aches ( x I/X ). Therefore, two temporal approx-

imat ions are co(mbinedi, (one for low C, and one for high C) in a manner depending

or) tho mignitude of concentration. When ( X~p c)<(1, the following temporal

*approximat ion for low values of C, referred to as C, is Pmployed:

o0 (\,,, 0 K+l) 1 C +XproC) (4.108)

When (\5)PC)>>l the following temporal approximation for high C, C ODis employed:
s

1-

ThuIS C mav he defineod.

n+I 11+ 1 0o C
I SC =WC + WC (4.110)

0 00 S

where tHie weioghts W and W ,are:

2 o (4. lila)
020

W 1 -W (4.111ib)

BiV subst itliting (4.108), (4.109), (4.111a) , and (4. Il1b) into (4.110), the

follIowi ng t empor'il Pva3luat ion of C;+ is obtained after algebraic manipulation:
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n+l n+lCs = KI. = XI Po 0(4. 106b)..

SL XlP °  (4.06c) 

a = 0 (4. 106d)

For Fruendlich sorption, the adsorbate concentration is split into a

product of two parts for temporal evaluation. One part is treated as a first

order term as is linear sorption. This part is evaluated strictly at the new

time level and solved for on each iteration or time step. The remaining part .

is evaluated as a known quantity, either based on the projected value of C at

the end of the time step on the first iteration, or based on the most recent C.

solution on any subsequent iteration.

"2)

i+1 -si oro- ( nl (4. 107a)

8 ( Rr1 0) .-. .

~ -~ (~&Ip~i(c~rj)Q 2)
n+l n+1 (4.107b)
i 1 i2

U ~ )XI) (Cproj) (.4k) (4. 107c)

xP)( 2,x

n+l 
-'.

where the coefficient, r I ,is evaluated from the projected or most recent value

of C, depending on the iteration.
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i ri-+ (l- (

RE' ) 2-I)+ (P3 g 4 (+n) 1 (4.104)

0¢g) 4 2E(.15

The terms in parentheses preceeding the terms containing n all have a constant

value for the element, and thus the approximations have consistent spatial

dependences.

4.7 Temporal Evaluation of Adsorbate Mass Balance

The terms in the unified energy and solute mass balance equation which

stem from the adsorbate mass balance require particular temporal evaluation be-

cause some are non-linear. The following terms of relation (4.93) are evaluated S

n+1 n+l n+1
here: ATi GTi and ETi For solute transport, the coefficient, c ,in

n+l n+1 S
AT. (4.86) becomes r , according to (2.52b). The relation which defines r 1

is given by either (1.34c), (1.35c), or (1.36c) depending on the sorption iso- 4

,n+ 1
therm. The variable, U a is expressed in terms of the concentration of adsor-

bate, C n + l  in a form given by (4.84). The parameters in (4.84), a and a
si

are defined in this section and are based on either (1.34a), (1.35a) and (1.36a)

depending again on the sorption isotherm. The temporal approximations of these

parameters are described below for each isotherm.

For linear sorption, all terms and coefficients related to the adsorbate

mass are linear and are evaluated at the new time level and strictly solved for

at this level:

Un+l . n+l P n+l (4.106a)C s I  =(lPoc 4.106a) g
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significance should be attached to the absolute values of basis function deriva-

tives, except that these happen to give the desired consistent approximations,

as is shown shortly.

The gravity vector components in local coordinates at a point in the ele-

ment are obtained from the global gravity components as:

}g . gx
= F] (4.101)

where is the Jacobian matrix defined by (4.25).

The derivatives of pressure in local coordinates (4.98a) and (4.98b), and

the consistent density-gravity term components in local coordinates, (4.99) and

(4.100), are transformed to global coordinates for use in the evaluation of the

integrals they appear in by:

°a.

--- (4.102)

(Pg)x (Pg)

y = -[ - ^.(=gj-I (4.103)
-'.-.(0g)y (Pg)n

. .5

where (pg) and (pg) are the consistently discretized density-gravity term
x y

components in global coordinates, and [JI is the inverse Jacobian matrix

defined by (4.29).
* 1

The spatial consistency of these approximations may be seen by inspecting

* their expansions in local coordiiiates. For example, the E-components are: :-

12
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in the following, a discretization of the pg term Is presented which is

presented which is consistent with the discretization of Vp in local (oo,-

dinates, and then both Vp and pg are transformed to global coordinates

while maintaining consistency.

The pressure gradient within an element in local coordinates is defined in

terms of the derivatives with respect to the local coordinates:

4
p (4.98a)

4 3Q

(En) = i P (4.98b)

The summations may be expanded and written in detail by reference to relations
0

(4.9) through (4.12) and (4.1) through (4.4).

A local discretization of pg. with a spatial functionality that is con- .J

sistnt with the local pressure derivatives, (4.98a) and (4.98b) is:

4
(Pg)l ,n Pig 9 (4.99)

, s V. (4.100)

uhert- the vertical bars indicate absolute value, is the value of p at node

i in the element based on the value of U at the node through relation (2.3) or

(2.4), is the r-component of a at node i, and g is the il-component of g at

node i. The eight gravity vector componenots at the nodes in each element need I
h, (alcitlat ed only once for a given mesh and mav be saved. This discretization

is; robhunt in that it allows both the density and (the diroction and) the magni-

tuo of gravitv vctor compon-nts to vary over a,, element. No p:-lrl icular
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spurious vertical velocities especially in regions of sharp vertical changes in

U. A consistent approximation of velocity is one in which Vp and pZ are allowed

the same spatial variability, and further, are evaluated at the same time level. 0

A consistent evaluation of velocity is required by the transport solution

in (4.87) and also required in the evaluation of the dispersion tensor in (4.88),

where velocity is required in each element, in particular, at the Gauss points

for numerical integration. Also a consistent evaluation of the pg term is re-

* "."quired for the fluid mass balance solution in the integral shown in (4.56). The

values are also required at the Gauss points in each element during numerical

evaluation of this integral.

The coefficients for calculation of velocity in (4.97) are discretized as

follows: Permeability, k, is discretized elementwise; porosity, r, is discre-

tized nodewise. Unsaturated flow parameters, kr and Sw, are given values

depending on the nodewise-discretized pressure according to relations (2.8) and

(2.21). Viscosity is either constant for solute transport or is given values

depending on nodewise-discretized temperature according to (2.5).

To complete the discretization of velocity, values in global coordinates

at the Gauss points are required for the term (Vp - pg). A consistent approxi- _

mation is presented in the remainder of this section for this term based on the

fact that this term will be discretized in a consistent manner in global coor-

dinates in an arbitrarily oriented quadrilateral element whenever it is dis-

cretized consistently in local element coordinates (E,q). Consistent discretiza-

tion in local coordinates is obtained when the spatial dependence of and g9

is the same, and when and pg have the same spatial dependence. Becausi the

discretizatlon for p(E,n) has already been chosen to be bi-linear, it is the

discretIzation of the pg term, in particular, which must be adjusted. First,
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4.6 Consistent Evaluation of Fluid Velocity

Fluid velocity is defined by equation (2.19) as:

__ PI (4.97)
w

This relation strictly holds true at a point in space. In order for the rela- .6

* tion to hold true when discretized, the terms Vp and pS must be given the same

spatial variability. This avoids generation of spurious velocities which would

be caused by local mismatching of the discretized pressure gradient term and

density-gravity term. For example, in a hydrostatic system where densities vary

spatially, Vp - pg, to yield a zero vertical velocity. However, if Vp and p8 do

not locally cancel because of the discretization chosen, then erroneous vertical "

velocities would be generated.

Such an error would occur over an element where Vp is allowed only a

single constant value in a vertical section of the element, but where p is allowed

to vary linearly in the vertical direction. This would be the case in a standard

finite-element approximation wherein both p and U vary linearly in the vertical

direction across an element. Linear change in p implies a constant value Vp, _

*while linear change In U implies a linear change in the value of p according to

(2.3) or (2.4). Thus a standard finite-element approximation over a bi-linear

element results in inconsistent approximations in the ve-tical direction for Vp

and p: constant Vp and linearly varying .This inconsistency generates
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where the carat refers to the entire term in braces. For solute transport, this

term may represent molecular diffusion and dispersion of solute mass across a

boundary. For energy transport, this term represents heat conduction and thermal

dispersion across a boundary. This heat or solute flux is a user-specified value

which may change each time step. If the term is set to zero, it implies no dif-

tusion and no dispersion across a boundary for solute transport, or for energy

transport it implies perfect thermal insulation and no dispersion across a boundary.

For an open boundary across which fluid flows, this term is not automatically

evaluated by SUTRA. If no user-specified value exists at an open boundary, then

this term is set to zero. This implicitly assumes that the largest part of sol-

ute or energy flux across an open boundary is advectively transported rather

than diffusively or dispersively transported. In cases where this assumption

is inappropriate, the code may be modified to evaluate this term at the new

time level depending on the value of Un+ l.

The form of the discretized unified energy and solute mass balance equation

' which is implemented in SUTRA is as follows:

n+l
NN "AT. +. D (1)+ n+l + n G nTL-+I+ Qn+1+ Qn n+l

-stnTt i +j i T i 6ij -i

jd f ~n+1 JJli

n+l (n+1 n n+l + n+1 +l 1 n+I (ATn 1) Un
Scw( Qi L; n + QBC. [BC1 +VINi+ ETi +GT + 

(4.96)
i-I,NN

wherein 6.. is the Kronecker delta.
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recent level. Other coefficients are ovaluated at the (n+l) time level bV pro-

jection on the first iteration, and then at the most recent level on subsequent

iterations.

Boundary conditions, energy or solute mass sources and sinks

Specified temperatures or concentrations at nodes are obtained numerically

at the node k by replacing the kt h equation in (4.93) by:

n+ I n+l
U = BIk  (4.94)
k 'BC k

,n + I

where UBl is the user-specified value of U that node k is to have during time

step (n+l). The specified value may change with each time step.

Source boundary conditions for U arise whenever a fluid source Q. is spec-

ified. These may be either point sources of fluid or fluid flows across the bound-

aries. These fluid inflows must be assigned concentration or temperature values,

*n+l
U. +

, which may change with each time step. Note that these sources are evalu-1

ated in SFTRA subroutine NODALB. Outflows of fluid result in the disappearance

*n+ n+1
of the source term from the transport equation because ( = U. the sink1 1 " '

and aquifer have the same U-value.

Source boundary conditions for U may arise at points of specified pressure

when an inflow Q occurs at such a point. A value of U must be specified for

1 n+1
such fluid inflows as U . These values may change with each time step. This

BC.

source term for U disappears for outflow at a point of specified pressure. Note

that specified pressure sources are evaluated in SUTRA subroutine BCB.

A source or sink at a boundary due to diffusion or dispersion appears

in (4.75):

nI . c. w o I + + (1 ) a I " U n+l"
C= •c "I + + (1-c) a I VU n 0. dE (4.95)

I-,,
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x

FIue5. 2
Finite--element mesh with pinch nodes.
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A pinch node is defined as a node in an element which is located at the

mid-point of an element side, as shown in Figure 5.3. Each element has uily

four real nodes (at the corners) and four basis fuctions associated with these

nodes. The pinch node has no basis function assigned to it in the element in

which it appears on an element side. Values of variables and coefficients at

the pinch node are determined as the average of the values of the real nodes at

" the end of the element side upon which the pinch node resides. Thus, no sources,

sinks, or boundary conditions may be specified at a pinch node. The numerical

solution at a pinch node depends entirely on the two nodes at the ends of its

side.

Pinch nodes are handled by SUTRA as follows: All elementwise calculations

are carried out as though a pinch node were a real node. In fact, each pinch

node appears as a corner node in one or more elements. No special treatment is

given pinch nodes through the entire matrix assembly process, and they enter the

matrix through usual elementwise and nodewise calculations.

Just before solution of the matrix equation, pinch-node conditions are

imposed on the matrix equation. For the pinch node, k, the right hand side of

the equation for node k is set to zero. The row of the final coefficient matrix

for node k is changed to all zeroes, except for two coefficients. These are in

the two matrix columns related to the nodes at the ends of the element side upon

which pinch node k resides. They are set to a value, 0.50, and the coefficent

on the matrix diagonal (with subscript, kk) is set to a value, -1.0. This sets

an equation for pinch node k as follows:

n+l I n+1 n+1
Pk (p +P ) (5.10a)

,n+ I n+1 ,n+l7k "2 1 (5.10b)
k 2.r a
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ELEMENT 3

Fi~ure 5. 3
Detail of mesh with a pinch node.

139



where subscripts r and s refer to the nodes at the ends of the pinch node

element side.

Pinch nodes are specified in the data set containing the nodal incidence

list for elements and the order of specification is related to the local element

node numbering scheme as defined by Figure 5.4.

%.4 Solut ion Sequencing

On any given time step, the matrix equations are created and solved in the

tollowing order: (1) the matrix equation for the fluid mass balance is set up,

(2) the transport balance matrix equation is set up, (3) pressure is solved for,

* and (4) concentration or temperature are solved for. Both balances are set up -

on each pass such that the elementwise calculations only need be done once per

pass. Howover, SUTRA allows the p or U equation to be set up and solved only

.Pv'rv few time steps [n a cyclic manner based on parameters NPCYC and NUCYfC.

These values represent the solution cwcle in time steps. For example, setting

"p and solving for both p and U each time step (NPCYC,,NUCyC I):

*time -;t'p: 1 -2 1 A 7) 7 . . . .

P P p p P P"..
!Iol'e tor:

fr sOl i ," ,ir p every third irv step and tor I' each t'me step (NPCCYC=3 and

NI (' i =1 I: " -

: 2 - 12 1 . . .. .
O t'i,

1  
V' I Pt

I., I', It I : I I.,

y i t her t f p or I mti.I Iw :;0 1l d' t OT On ea(h tim, step id the-refore

* !

• , . , ,. . . . , . ,.- . ... • . . .. . . ... .. .. .. -,..,



NODE 4 NODE 3
(-1,1) J PINCH(1)

(0,1) NODE 3

PINCH
NODE 4 I(1,0)

------------ -- -- --- ----------
(-1,0)PINCH

NODE 2

(-1,-i) PINCH (0-1) (,i
NODE 1 NDi NODE 2

Figure5. 4
Finite element in locai coordinates (C,n) with
pinch nodes.

141



either NPCYC or- NUCYC must hP set to otie.

For it ,imulat ion withI st padv st .ito f ()w I Ilh' SO(IteIC iif i S:

ti nm, ate1): t0 1 3 4 5 . . . .

o v t* or:-

Fo It lt I v flIow and t r-anspo rt

* . tt me Sru : ( 1

! 'o f for;:.

Illo oil kN .X( pt io 00 to the C%"c ify ? is that tot toi(-s t.(-adv caser, , b)0th Itknkniiowns;

I rv So Ivl-d br o 0 I h oi Ili fs i :tm, j is f), if Stti in t hp (i'e t or N PCYC= 3 NIICYC=1I

tis -olliit at i otialI I % ik-nt :igeous t o alIlow a mnat ii. x eqIttat i on solIot ion

tot I' hv 'ick-olist it lit ion on iv, saving both i quat ion cnstruct ion aind mit rix

duuornpos it ion tup. ii is hcyuiti 00 the s ocond~ time step solvi;ng fot- 11 only

alt I T t lit Ip Pot0 t 1 h0 ot h1 I' dild 1t 0 1r soved f Or. In or-der to do this thet(

MlATt I iX Uou-t tin ient S t) inldi ng tho t imtp stop~ most refmair r onst.Ant .Thus, non-

I i tIl-I I v InT-iah I p' tii I u 1i d ve I oc t v are lip Id corist ant w it h va Ilufs used on the

it st t itnep st*ep tor aft or tio !;Iop for p. atld Il. For example , when NP(-Y(J=

Sfit.e at l: 1 4 ) o 7 8 I It 1 1 12

1: IT Ie U.

k- i ; at an lt kvi I ie ' I I otisVttfi t v- I IIt

1) 1n crk 1) hac k
atiht i tlite f stzhst it ntte p
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A pressure-only solution may be obtained with NPCYC-1, and NUCYC-(number

larger than the number of time steps). Note that p and U solutions must be

set to occur on time steps when relevant boundary conditions, sources or sinks .

are set to change in value.

5.5 Velocity Calculation for Output

The velocities employed in the numerical solution of fluid mass, and solute

mass or energy balances are those calculated at the Gauss points in each element

(as described in section 4.6 "Consistent Evaluation of Fluid Velocity.") For pur-

poses of output, however, only one velocity value per element is made available.

This is the velocity at the element centroid as shown in Figure 5.5. The centroid

is defined as the point in the element where the lines connecting the mid-polnt of

opposite sides intersect.

The velocity at the centroid of an element is calculated by taking the

average of the four global x-components of velocity at the Gauss points, as

well as the average of the four global y-components of velocity at the Gauss

points, and by constructing a velocity vector from these averaged components.

This process gives the "true" velocity at the centroid that would be calculated

employing the consistent velocity approximation evaluated at this point in the J
element. This may be seen by setting -n-O in (4.104) and (4.105).

- 5.6 Budget Calculations

* A fluid mass and solute mass or energy budget provides information on the

quantities of fluid mass and either solute mass or energy entering or exiting
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Fi ure 5. 5
Finite element in global coordinates (x,y) with element
cent roid.
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the simulated region. It is not intended as a check on numerical accuracy, but

rather as an aid in interpreting simulation results.

The fluid budget is calculated based on the terms of the integrated-

discretized fluid mass balance, (4.52), as approximated in time according to

n+l n+1
(4.65). After the solution to a time step makes available p andU , the

time derivatives of these, di and di, are calculated according to (4.57) and

(4.91). • -

The total rate of change in stored fluid mass in the region due to

pressure changes over the recent time step is:

NNdp

AFn+1 'Ms (5.11)
i dt

where AF i is defined in (4.53), and the total rate of change in stored fluid due

to changes in concentration or temperature is:

NN dU

2CF7 -'MNsi (5.12)
i I d

where CF as defined in (4.54).

The sum of (5.11) and (5.12) gives the total rate of change of fluid mass in _ 0

the entire region.

n+1
Fluid sources, Qi, may vary with time and those that do vary are reported

by the budget at each source node. The sum of Q n+:

NN'/ "-

Q {M/s (5.13)

gives the total rate of fluid mass change due to all sources and sinks of

fluid mass, as well as to specified fluxes across boupdaries. Fluid sources

n+1
due to specified pressure conditions, QnBC usually vary with time and are
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also reported by the budget at each node. This source is calculated at each

n+lnode from (4.64). The sum of QBC.:

BC.0

NN

Q n+l M/sl (5.14)
i-l qBC"

gives the total rate of fluid mass change in the entire region due to inflows

and outflows at all specified pressure nodes.

The sum of (5.13) and (5.14) should be close to the value given by the sum

of (5.11) and (5.12). These may be expected to match better when iterations

have been used and convergence achieved, as the budget is calculated for a time

step with only one iteration with the (n+l) time level values of non-linear

coefficients, and the solution was obtained with coefficients based on projected

values of p and U.

The solute mass or energy budget is calculated based on the terms of the

integrated-discretized balance, 14.85), as approximated in the time according =

to (4.93). The total rate of change in stored solute mass or energy in the

region over the recently computed time step is:

NN dU
d AT 1  
cI (M/s or E/sJ (5.15)

i-l

where ATn+I is calculated from (4.86) using U 1 in all coefficients requiring

a U value (Including adsorption Isotherms for c r In reporting this portion *

of the budget, a separate value is given for the sum of the portion stemming

from (ES Pc ) and for (1-4)p c . The former sum relates to rate of solute mass
w w a

or energy change in the fluid, and the latter relates to change in the solid-
- A!

Immobile portion.

1
S
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The total rate of first-order solute mass production in the fluid is cal-

culated as:

NN -

Z T n+ U [M/s] (5.16a)

i=l

and at the rate of first-order adsorbate production is calculated as: --

NNZ~ + GsU+,n+1 lZ TL U + G TRn IM/sl (5.16b)
S .

where GT. and G TI.I and C sTR.are defined by 4.89a, 4.89b and 
4 .89c and all iso-

n+ 1
therms are based on U,. Fluid and adsorbate rates are reported separately by

the budget. These terms have no analogy for energy transport. The tqrms of zero-

order production of solute and adsorbate mass or energy production in the fluid

and solid matrix are:

NN

SMn+ l  (M /s of E/sI (5.17)

where FT. is defined by (4.90) and the fluid and immobile phase production rates

are reported separately by the budget.

Soluto mass and energy sources and sinks due to Inflowing or outflowing

fluid mass max' vary with time and are reported by the budget at each fluid

source nodp and at each specitied pressure node. These are separately summed

for the entire region:

NN

nQ C +i IM /9 or F/si .8
wi-I - 0e

NN Z n+l ln+l iN /s or E/st (5.19)
BC w BC ( s or , . ...

i-I.I

• . . _ .
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Where U.n + l and Un + l take on the user-specified values of U for fluid inflows,
i BC.1

and the U value of the ambient system fluid for outflows.

These sums give the total rate of change of solute mass or energy in the

entire system due to these fluid sources and sinks.

Finally the diffusive-dispersive sources of solute mass or energy are

summed for the entire system and are also reported by node as they may vary

with time:

NN

'IN. [Ms/S or E/s] (5.20)
i=I

The sum of (5.16a), (5.16b), (5.17), (5.18), (5.19) and (5.20) should be

close to the value given by (5.15). These values may be expected to match

best when iterations have been used and convergence achieved, as the budget

is calculated for a time step with only one iteration with all information at

the (n+l) time level, and the solution was obtained using non-linear coefficients

based on projections of p and U.

5.7 Program Structure and Subroutine Descriptions

SUTRA is structured in a modular, top-down programming style that allows

for code readabilitv, ease in tracing logic, and hopefully, ease in eventual

modifications. Each subroutine carries out a primary function that is clearly

distinguished from all other program functions. User-required program changes

are limited to: 1) dimensioning three storage arrays in the main routine, and
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2) coding portions of a subroutine which is used to control time-dependent

sources and boundary conditions (when they are used) and a subroutine which sets

the unsaturated flow functions when unsaturated flow is simulated. The code

consists of approximately 3000 statements and includes one main program and 24

subroutines. The program is commented to aid in tracing logic.

SUTRA is written in FORTRAN-77; however, few structures are used which are Q

not compatible with FORTRAN-66. Modifications of the code required to compile

in FORTRAN-66 would not be major.

The code runs accurately when it employs "double-precision" real variables

(64 bit words with 47 bit mantissa) with a precision of about 15 significant

figures, and 32 bit word integer variables. Should the code require modification

to run on machines with other word lengths or other bit to byte ratios, the number

of significant figures in a real variable should be preserved, if not increased.

Input and output is also somewhat modularized. Input is through Fortran

unit numbers 5 and 55. Unit-55 contains only data on initial conditions for a

simulation at the nodes for p and U. Unit-S contains all other data required for

a simulation. Output is to Fortran unit numbers 6 and 66. Unit-66 receives the

result of the final time step in a format equivalent to that of Unit-55, for later

use as the intial conditions file if the simulation is to be restarted. Unit-6

receives all other simulation output usually to be printed on a line printer (as

shown in Figure 5.6).

The main logic flow of the program is straightforward. A schematic diagram

of the code is shown In Figure 5.7. The main routine sets up dimensions and

calls the main control routine, SUTRA, which cycles the program tasks by calling

most of the remaining subroutines in sequence. Subroutines are named to describe

their main function. A description of each subroutine is given in the following

sections.
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SUTRA Headers

Unit 5 Input Data,

Data Checks, and
Mesh Plot

Initial Conditions

for Pressure and
Concentration or Temperature

Steady-State Results, or
Results for Time Step 1

(Pressure, Concentration or
Temperature, Velocities,

Saturation, Plots, Budget)

Results for Each NPRINT
Time Steps

•-Si

Results for Last Time Step

Observation Results

Figure 5.6

Schpmatir of SUTRA oxitpiit.
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-Description:

PRISOL is the main SUTRA output routine and is used for printing .

solutions. O

Subroutine ZERO

-Pupse:

To fill a real array with a constant value.

-Calledby:

Various routines

-Descr ip ion :

ZERO fills an entire array with a specified value. This routine may be

replaced with a machine-dependent assembly language routine in order to maxi- S

mize efficiency.

Subroutine BCTIME -

- Purpose:

A user-programmed routine in which time-dependent sources and boundary _

conditions are specified.

-Called by: -

SUTRA

o,
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-Calls to:

UNSAT

-Description:

INDAT2 is the second major input data routine. It reads the data file,

l'nit-55, which contains initial conditions for p and U. The warm-start 9

section reads initial conditions and parameter values of a previous time step,

all of which must have been stored by subroutine STORE on a previous simulation.

For a cold-start, INDAT2 reads only initial p and initial U. INDAT2 calls

IINSAT for calculation of initial saturation values, on a cold start.

Subroutine PRISOL O

-Purpose:

To output the following to Unit-6:

Initial conditions

Pressure solutions

Saturation values

Concentration and temperature solutions

Steady-state pressure solution

Fluid velocities (magnitude and direction)

-Called by:

SUTRA

10ii
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actual bandwidth, NBL, which is compared with the user-specified, NBI. IF NBL>NBI,

the values are printed and the simulation is halted for corrections.

I -S+

Subroutine NCHECK

ii -Purpose: -

To check that pinch nodes are neither assigned sources, nor have specified

p or U.

II

-Ca liedby:

SUTRA

-Desc ript ion:

NCHECK compares the list of pinch node numbers with the list of source

nodes, specified pressure nodes and specified U nodes. Any matches result in

a printed report and the simulation halts.

Subroutine I NDAT2 S

-Purpose:

I) To read initial conditions from lUnit-55. _

2) To initialize some arrays.

-Cal.le-d b:

SUTRA

I 0 "



-Descrjjmtion

CONNEC reads the nodal incidence list which describes how nodes are

connected. The data is organized as array, IN, which contains the counter- 

clockwise-ordered set of four node numbers in each element in order of element

number. Thus the ninth through twelfth values in IN are the four nodes in

element number three. -

For an element with one or more pinch nodes, the pinch node numbers are

entered In the first column of array IPINCH, and the node numbers at the ends

of the side on which the pinch node resides are entered in columns two and

three of IPINCH.

IPINCH is used in subroutine PINCH, and NCHECK. IN is used in BANWID,

ELEMEN, and GLOBAN.

Subroutine BANWID

-Purpose:

To calculate the band width of the mesh and check the value specified by

the user.

-Called by:

SUTRA •

-Description:

BANWID checks the array, IN, in all elements for the maximum difference in S

node numbers contained in an element. This value, NDIFF, is used to calculate

161
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Subroutine OBSERV

-Purpo: 0

1) To save p and U values at chosen observation nodes as a function of

the time.

2) To report the observations after the simulation has been completed.

-Called by:

SUTRA

-Description:

On an initialization call from SUTRA, OBSERV reads observation node numbers _-

and observation cycle, NOBCYC, in time steps from Unit-5 and outputs these values.

Every NOBCYC time steps, when SUTRA calls OBSERV after a solution, OBSERV saves

the current elapsed time, and p and U values at all observation nodes. When the S

simulation is completed, OBSERV is called to output the stored lists of: time

step, elapsed time, p, and U.

Subroutine CONNEC

1) Tn read, output, and organize node incidence data.

2) To read, output, and organize pinch-node incidence data.

-Called hy:

SUTRA

I W)



-Description:

BOUND reads and organizes, checks and prints information on specified p

nodes and for specified U nodes. Pressure information read is node number, -

pressure value and U value of any inflow at this node. If there are NPBC

specified pressure nodes, the above information becomes the first NPBC values

in vectors IPBC, PBC and UBC. Specified U information read is node number and

U value. If there are NUBC specified concentration nodes, the above information

begins in the (NPBC+I) position of IUBC and UBC, and ends in the (NUPBC+NUBC)

position of UBC and IUBC. This is shown below:

1 2 3 4 5 6 7 8 9 10 11

12 34 56
PBC

Ixx xxxxyyyy

UBC
1 2 3 4 5 6 7 8 9 10 11)

y y y y
IUBC .

1 2 3 4 5 6 7 8 9 10 11)

where x refers to specified p information, and y refers to specified U infor-

mation.

Counts are made of each type of specification and are checked against

NPBC and NUBC for correctness. A blank (zero) node number ends the data set

for p and then for U. One blank element is left at the end of each of these

arrays in case there are no specified p or U nodes. The first NPBC elements •

of IUBC and UBC are blank. These arrays are used primarily by subroutines BCB

and BUDGET.

1 59)
S



t litii d at thi s nodc. If' there ire NS(JP fluid source nodes, the node numbers

become the f i rFr N5,1_P vilues in vector IOSOP. The rates LAre entered in Lhe el-

"m0nt Co rreLlspond ing to the nodes at which they are defined in vectors QIN qnd

i tIN which -ire NN long. The source information for U read is node number and

!;o lure( mass or energy source rate.. if there are NSOI source nodes for U'. the

niodo' numbers beconme the first 'NSQ1i v.alues in IQSOiJ'i. Vector QU9IN is NNlong and

*on! a ins thell source rates j n numerical1 order by node. Counts are made of each

r vp' oif sourcce and -ire checked against NSOP and NSOV for correctness. A blank

?cero) node number e~nds the data set for (lN arid then for QUIN. One blank el-

eIment ir leftt :it the enid of JQSOP and iQScd9 so that a dimension ot one is obtained

,v- when no source- nodes exist. These arrays arfe used primarilv in NODALB and

.ubrotir i ne BOUWNL

I) To read specified pressure node numbers and pressure values, check

the data, and print information. .

2)To roead specified conce-ntration or temperature node numbers and the

v-alues, to c7heck the data, and print information.

i Fo1 set, uip pointer arrays which track the specified p and L; nodes for .4

tho simuil iion.
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range surrounds the plotted region. Three figures of the solution value are

plotted at each nodal location.

PLOT begins by ordering the nodes by plot line and saves the ordered 0

results in XX, YY, and INDEX during the initialization call. Certain nodes

fall in each line of the plot. During actual plotting, PLOT starts with nodes

In the top plot line and places the values to be plotted in the proper

position in the line. The line is then printed. This is repeated for each

line of the plot.

Subroutine SOURCE

-Purpose: 0

1) To read source node numbers and source values for fluid mass sources

and boundary fluxes and for diffusive and productive U sources, as

well as fluxes of U at boundaries; to check the data, and to print

information.

2) To set up pointer arrays which track the source nodes for the simula-

tion...

-Calle

SUTRA 9

-Descripti on:".-.

I SOURCE reads and organizes, checks and prints information on source nodes S

for fluid mass, and for sources of solute mass or energy. Fluid mass source

- information read is node number, mass source rate, and U value of any Inflowing

1 57
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-Description:

INDATI reads a portion of the Unit-5 input data file, ending with the

elementwise data set. Most information is printed on the Unit-6 data file

after reading, the amount of output depends on the user choice of long or

short output format. Scale factors are multiplied with appropriate input

data. Calculations are carried out for a thermal conductivity adjustment

and for determination of k matrix components of k in each element from kmax,

kmin, and 0.

Subroutine PLOT

* ~ -Purpose:0

To provide maps on printer output paper of the finite-element mesh,

pressure values at nodes, and U values at nodes.

-Called by:

SUTRA

-Description:

PLOT is called once for initialization to read plot set-up data from Unit-5,

and to set up a plot of the mesh. PLOT is then called to plot the mesh. PLOT is 0

called on each time step in which output is produced, once each for p for U, if

these plots have been requested.

The printer plot either fits the longer plot direction across the output

page, or along the output page, depending on the user choice. The plot is

self-scaled to page size, and different scales may be chosen by the routine

along and across the page. A blank border one tenth of the maximum x and y

1 56
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by element calculations required to construct the matrix equations are carried

out by a call to ELEMEN. NODALB is called to carry out nodewise and celiwise

calculations for the global matrices. BCB is called to modify the matrix

equations for boundary conditions, and PINCHB is called to implement any pinch

nodes in the matrices.

SOLVEB is called for p and or U solution (depending on the value of ML),

and if iterations are underway, convergence is checked. If iterations are con-

tinued, control switches back to the step which shifts new to old vectors, and

the sequence of callq is repeated. If no more iterations are required, SUTRA

may call PRISOL and PLOT to print and plot results if these are requested on the

present time step. OBSERV is called to remember values at observation nodes if

any exist. BUDGET is called if requested output should occur this time step.

If more time steps are to be undertaken, control switches back to the step

which initializes arrays, and continues down from that point. If the simulation

is complete, STORE is called if the store option has been selected to set up a

restart file in Unit-66. OBSERV is called to print any observations that were

taken. At this point, control returns to the main routine.

Subroutine INDATI

-Purpose:

1) To read simulation and mesh data from the Unit-5 data file, and print

out this information.

2) To Initialize some variables and carry out minor calculations.

-Called by:

SUTRA
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dummy dimensioned to actual sizes required for the simulation. Subroutine

SUTRA initializes some constants and directs the reading of Unit-5 input data

by calls to INDATI, PLOT, SOURCE, BOUND, OBSERV, and CONNEC. It calls for

band-width calculation (BANWID) and mesh data checks (NCHECK). The call to

PLOT (after INDATI) also plots the mesh. Then subroutine SUTRA directs a call

to INDAT2 to read initial conditions from Unit-55, and calls PRISOL to print

the initial conditions.

The subroutine decides on cycling parameters if steady state pressures will

be calculated, and calls ZERO to initialize arrays. For transient pressure

solution steps, time-step cycling parameters are set and a decision is made as

to which (or both) of p and U will be solved for on this time step. The decision

depends on NPCYC and NUCYC, and subroutine SUTRA sets the switch, ML, as follows: _

S0 solve for both p and U
ML I solve for p only

2 solve for U only

The switch for steady state flow is ISSFLO, which is set as follows:

0 steady flow not assumed

ISSFLO I steady flow assumed, before pressure time step

2 steady flow assumed, after beginning of pres-

sure time step

Note that time step number, IT, is set to zero for the steady p solution, and

increments to one for the first transport time step. .

Subroutine SUTRA increments the simulation clock, TSEC, to the time at the

end of the new time step, and shifts new vectors to previous level vectors which

begins the time step. ECTIME is called to set time-dependent sources and boundary

1%1

conditions If such exist. ADSORB is called if sorption is required. The element

-* 7
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the bottom of the appropriate pointer lists in the call statement and In the pointer

calculations. The values of NNV or NEV may need to be increased, and the commented

record of calculation of dimensions of storage arrays at the top of the routine

should be increased accordingly.

Subroutine SUTRA

-Purpose:

1) To act as primary control on SUTRA simulation, cycling both

iterations and time steps.

2) To sequence program operations by calling subroutines for input,

output and most program calculations.

3) To carry out minor calculations.

-Called by:4

Main routine

-Calls to:

INDATI, PLOT, SOURCE, BOUND, OBSERV, CONNEC, BANWID, NCHECK, INDAT2,

PRISOL, ZERO, BCTIME, ADSORB, ELEMEN, NODALB, BCB, PINCHB, SOLVEB,

BUDGET, STORE.

-Description:

Subroutine SUTRA receives pointers for all actual arrays and vectors

which are dynamically allocated space by the main routine. These arrays are

." ."

1-9.
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Main Program

-Purpose:

1) To dimension and allocate space for the main storage arrays.

2) To divide the storage arrays into their component arrays. (Set up

pointers.)

" 3) To start and stop the simulation.

-Calls to:

SUTRA

-Description:

The main routine has three arrays that must be user-dimensioned: RM, RV

and IMV. These are used for dynamic storage allocation and they contain

almost all of the values required for SUTRA simulation. RM contains real

matrices, RV contains real vectors, and IMV contains integer matrices

and vectors. The dimensions required for RM, RV and IMV are RMDIM, RVDIM

and IMVDIM, where the actual values are given in section 7.3, "Program

Dimensions."

After reading the actual Unit-5 Input data for the variables listed above,

the main routine sets up pointers which allocate the correct amount of space for

each of the component arrays contained in the storage arrays. The pointers point

to the position in the storage array of the starting element of each component

array. The starting elements are passed to subroutine SUTRA as calling arguments.

Additional arrays which may be required by any modifications to SUTRA are added at

ilo.
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-Desc ripr.ion:

BCTIME is called on each time stop when a time-dependent source or

4 boundary condition is specified by the user. It allows the value of a source

or boundary condition to be changed on any or all time steps.

B.CTIME is divided into four sections. The first section allows the user

to specify either time-dppendent pressure and concentration or temperature of

an inflow, or both, at specified pressure nodes (PBC or UBC). The second sec-

tion allow; user specification of time-dependent U at specified concentration/

temperature nodes. The third section allows user specification of time-dependent

fluid source or source concentration/temperature. The fourth section allows user-

specification of time-dependent solute mass or energy source.

The current time step number, IT, and current time (at the end of the

present time step) in various units are available for use in the user-supplied

programming. The user may program in any convenient way through data statements,

calls to other programs. logical structures, 'read' or 'write' statements, or

other preferred methods of specifying th- time variability of sources or speci-

fied p and U conditions. More information may be found in section 7.5, "User-

Supplied Programming."

Subroutine ADSORB

- Pu rp.o sf,:

Fo calculate and supply values from adsorption isotherms to the

sim, I it ion.

1.
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-Called by:

SUTRA

-Description:

n+l
ADSORB calculates the sorption coefficient, v (called CSI), and also1.

-sl (called SI.) and sR (called SR) and SR which are used in calculating) ad-

sorbate concentrations, Ug, depending on the particular isotherm chosen: linear,

Freundlich or Langmuir. The calculations are based on the description given In

section 4.7, "Temporal Evaluation of Adsorbate Mass Balance." ADSORB is called

once per time step for U, when sorption is employed in the simulation.

Subroutine ELEMEN

-Purposp:

1) To carry out all elementwise calculations required in the matrix

equat ions.

2) To calculate element centrold velocities for output.

-Called by:

SITRA

-Calls to:

BASIS2, GIOBAN

-Description:

FIEMEN undertakos a loop through all th(e elements in a mesh. For each

element, subroutine BASIS2 is called four times, once for each Gauss point.

6I (
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BASIS2 provides basis function information, and values of coefficients and

[. velocities at each Gauss point, all of which is saved by ELEMEN for use in

calculations for the present element.

. Gaussian integration (two by two points) as described in section 4.3, is

carried out for each integral in the fluid mass balance ((4.55) and (4.56)),

and for each integral in the unified energy and solute mass balance ((4.87) and

(4.88)). The portion of cell volume within the present element for node I,

VOL.E(I), is calculated with the fluid balance integrals. The values of the

integrals are saved either as four-element vectors or as four-by-four arrays.

Separate (nearly duplicate) sections of the integration code employ either basis

functions for weighting or asymmetric weighting functions.

The vectors and arrays containing the values of integrals over the present

element are passed to subroutine GLOBAN in order to add them to the global matrix

equation (assembly process).

Subroutine BASIS2

-Purpose:

To calculate values of basis functions, weighting functions, their derivatives,

Jacoblans, and coefficients at a point in a quadrilateral element.

-Called by:

ELEMEN

1 h7



-Calls to:

UNSAT

-Description:

BASIS2 receives the coordinates of a point in an element in local coordi-

nates (t,n), denoted (XLOC,YLOC) in the routine. At this point, BASIS2 determines

the following: values of the four basis functions and their derivatives in each

local coordinate direction, elements of the Jacobian matrix, the determinant of

the Jacobian matrix, elements of the inverse Jacobian matrix, and if required,

four values of the asymmetric weighting function (one for each node) and their

derivatives. Also, the derivatives are transformed to global coordinates and

passed out to ELEMEN. Values of nodewise-discretized parameters are formed at

this location in the element, as are values of local and global velocity. Values

of parameters dependent on p or U are calculated at this location. Unsaturated

g parameters are obtained by a call to UNSAT. The calculations are based on sections,

4.1 "Basis and Weighting Functions", 4.2 "Coordinate Transformations," and 4.6

"Consistent Evaluation of Fluid Velocity."

Subroutine UNSAT

-Purpose:

A user-programmed routine in which unsaturated flow functions are specified.

-Call ed by:

INDAT2, BASIS2, NODALB, BUDGET

-Description:

168-



UNSAT is called by INDAT2 to calculate initial saturations at nodes, by

BASIS2 at each Gauss point in each element during numerical integration, by NODALB

for each cell, and by BUDGET for each cell. It allows the user to specify the -_

functional dependence of relative permeability on saturation or pressure, and

the dependence of saturation on pressure. UNSAT is divided into three sections.

The first section requires the user to specify the saturation-pressure (or

capillary pressure) function. The second section requires the user to specify

the derivative of saturation with respect to pressure. The third section requires

the user to specify the relative permeability dependence on saturation or capillary

pressure. INDAT2_ requires only values of saturation, BASIS2 requires only values

of saturation and relative permeability, NODALB and BUDGET require values of sa"-

uration and its pressure derivative. These calculations are controlled in UNSAT

by the parameter IUNSAT which INDAT2 sets to a value of three, which BASIS2 sets

to a value of two, and NODALB and BUDGET set to one. For simulation of purely

saturated flow, IUNSAT is set to zero by INDATI. and UNSAT is never called. The

user may program these functions in any convenient way. for example, through data

statements, calls to other programs, logical structures, 'read' or 'write' state-

ments, or other preferred methods. More information may be found in section 7.5,

"User-Supplied Programming."

Subroutine GLOBAN

-Purpose:

To assemble elementwise integrations into global matrix form.

-Called by:

ELEMEN
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-Description:

* GLOBAN carries out the sum over elements of integrals evaluated over each

element by ELEMEN as suggested by relation (3.23). Both the matrix and right -.

side vector terms involving integrals in the solution equations (4.65b) and

(4.96b) are constructed.

Subroutine NODALB

-Purpose:

To calculate and assemble all nodewise and cellwise terms in the matrix

equation.

-Called by:

SUTRA

-Calls to:

UNSAT

-

-Description:

NODALB undertakes a loop through all nodes in the mesh and calculates val-

ues of all celiwise terms. For each node, time derivatives and a fluid source

are added to the fluid mass balance matrix equation. The time derivative as

• " well as terms due to fluid sources production a;id boundary fluxes of U are pre-

pared and added to the solute mass/energy balance matrix equation. Subroutine

170

0-



UNSAT is called for unsaturated flow parameters. The terms added by NODALB may

be described as the non-integral terms of (4.52) and (4.85) (except for the spec-

ified pressure terms.) .

Subroutine BCB

-Purpose:

1) To Implement specified pressure node conditions in the matrix

equations.

2) To implement specified temperature or concentration node conditions

in the matrix equations.

-Caled by:

* SUTRA

S
-Descript ion:

The source terms involving vi in (4.52) are added to fluid balance matrix

equation In order to obtain specified p nodes. The unified energy-solute mass

balance is modified bv the addition ot a source, QPL, (calculated with the most

recent p solution by subroutine SUTRA) with concentration or temperature value,

For a specified I node, the discretized balance equation is modified by

zeroing the row of the U-matrix which gives the equation for the specified node.

A one- is placed on the diagonal and the specified U-value, UBC, is placed in the

same row of the right side vector.

171
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Subroutine PINCHB

-Purpose: -S

To implement pinch-node conditions in both matrix equations.

-Called by:

SUTRA

-Description:

PINCHB undertakes a loop through all pinch nodes. For each pinch node,

the appropriate row of each matrix (for p and U) is zeroed, a one is placed on

the diagonal, -0.5 is placed in the two columns corresponding to the side -

neighbors of the pinch node, and the corresponding element of the right side

vector is zeroed.

Subroutine SOLVEB

-Purpose: .

To solve a matrix equation with a non-symmetric banded matrix.

* -Cal led Y:

S UTRA

*
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-Description:

SOLVEB expects the matrix band as a vertical rectangular block with the

main diagonal in the center column, and minor diagonals in the other columns.

The upper lett-hand corner and lower right-hand corner of the matrix is blank. i

The first section ot the routine carries out an LU decomposition of the

matrix which is saved within tle original matrix space. The second section of

the routine prepares the right side for solution and carries out back-substitution

with a gi'.'n right side v ector.

5ubrnut ine BANIET

-Purpose:

1) T1 (- ta'u i at', and output a f id mass budget on each time step with 0

ovi t put

F2) To calculate and output a solute mass or energy budget on each time

st(p with output.

-VtI Lod hb:

* -. i s t"o':\ .. .

,,I'. F R

i;.V Af ° W •

-- b,.,.,ript i, n:'

Bii.' njT I it res and outut s t i-t id r ,ss * sojt .- or energv budgt on .

t, h outpur r i me stop tor whi c hover of T nd /,,z I A! e so i -01 t or On th., just:-

*,.mplI t , time step. Th -' calculations -iir ,one is d-_,cr b n section .6"

"Budctet Ca lu t[tions ...
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Subrouir me -rc'u

1 -Purpose:

To store v and V results ais well as other parameters on LUnit-66 in a format

r-Pady for us(- -is inlt ii[ conditionis in 1.nit-55. This arcs as a backup-

for ro-start in casro -i s imulation is v-.expected~v terminated before com-

ple t ion hN, compute r ma Ifunct i on.

-Cj Ild b'.:

-D~scriorion:

ITOYFK i! a 1ted upon rrompirptjon of (ea'h time step of a simulation, if the-

st orif, opt ion has been chosen. STOkV writes the most recent solution for p

and i -t t hW nolio on i fi k-. Unit -bh, in a format e-xactl,- equivalent to that

ot iniput dita tile I nit -5>,. [ofor-marion is also written which is used in a

wam tarit (restart ) of ute simulat ion. The results of only, the most recent

im' step tro stored on Ni-nas STORE rewinds the file each time before
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Chapter 6

Simulation Examples

This chapter outlines a number of example simulations which serve to

demonstrate some of the capabilities of SUTRA modeling. Some of the examples

show results which are compared with analytical solutions or numprical

solutions available in the literature. These results serve to verify the

accuracy of SUTRA algorithms for a broad range of flow and transport problems.

The other examples demonstrate physical processes which SUITRA may simulate in

systems where no other solutions are available. A complete SUTRA input data

set and model output is provided for the example of section 6.3, "Radial Flow

with Energy Transport," in Appendix B and Appendix C.

6.l Pressure Solution for Radial Flow to a Well

(Theis Analytical Solution)

Physical Set-up:

A confined, infinite aquifer contains a fully penetrating withdrawal

well. Fluid is pumped out at a rate, QTOT-

Object iye:

To simulate transient drawdown in this system which should match the Theis

solution. The Theis solution (Lohman, 1979) is given in terms of variables used

in SITRA bv:

* QTOT
s - W(u) (6.1a)

4 w p' Az k Ig.

where 9 is the drawdown, W(i) is the well function of u, and
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r 2 S
- 4 k t 6b)

where r is the radial distance from the well to an observation point and t is

the elapsed time since start of pumping.

Simulation Set-up: "

The mesh contains one row of elements with element width expanding by a .

constant factor, 1.2915, with increasing distance from the well; other mesh

dimensions are Armin, 2 .5 1m, Armaxm 2 5 . 1m], rmax,500. [m], Az-l. 1m).

Mesh thickness at node 1, is given by Bio2wr t , which provides a radial

coordinate system. The number of nodes and elements in the mesh are: NN-54,

NE-26. See Flgure ...

The initial time step is, Atoul. Isf, with time steps increasing by a factor,

1.5, on each subsequent step.

One pressure solution is obtained per time step, solutions for concentration S

are ignored; the cycling parameters are: NPCYC-, NUCYC-9999.

Parameters: A

- .039 x 10-6 tm.s 2 /kgt w 0.20

a = 1.299 x 10 - 6 1m-s 2 /kgl k , 2.0387 x I0- 10 [m2 .

- 4.4 x I()- 10 m.s 2 /kg1 p - 1000. [kg/m 3 ]

IgI 9.81 Imls 2J , :*

QTOT 0.6284 1kg/sl (one-half at each well node)

7

.7

178 ..

S



r=O -- _ - _ - _ - - - - - - - -- rmax
zzzO

Figire 6. 1
Radial tinite-elf-ment mesh for Theis solution.
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Boundary Conditions:

No flow occurs across any boundary except where hydrostatic pressure is

specified at rmax. At the top outside corner of the mesh, rmax, pressure is

held at zero. A sink is specified at r-O to represent the well.

Initial Conditions:

Hydrostatic pressure with p-0 at the top of the aquifer is set initially.

Results:

SUTRA results are plotted for two locations in the mesh representing obser-

vation wells at r-15.2852 [m], and r=301.0867 [m]. Both locations should plot on

the same Theis curve. The match of SUTRA results between one and 6000 minutes

with the Theis analytical solution shown in Figure 6.2 is good.

6.2 Radial Flow with Solute Transport

(Analytical Solutions)

Physical Set-up:

A confined infinite aquifer contains a fully penetrating injection well.

Fluid is injected at a rate, QTOT, with a solute concentration, C*, into the

aquifer initially containing fluid with solute concentration, Co . The fluid

density does not vary with concentration.

Objective:

To simulate the transient propagation of the solute front as it moves

radially away from the well. The concentrations should match the approximate

180
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Figure 6.2
Match of Theis analytical solution (solid line)
with SUTRA solution ()

181



analytical solutions of Hloopes and Harleman (1967) and Geihar and Collins (1971).

The solution of Gelbar and Collins (1971) is:

-0= erfc (r+ (6.2)

where:

2w~bp'TOT)(6. 3b)

The Hoopes and Harleman (1967) solution is obtained by replacing r* in the

denominator of (6.2) with r.

SimulationSet-up:

The mesh consists of one row of elements with element width expanding from

Armin=2 .5 [m] by a factor, 1.06, to r=39 5. [m), and then maintaining constant "

element width of Ar-24.2 Imi to rmaxlOOO0. [ml. Element height, b, is 10. [m].

Mesh thickness is set for radial. coordinates, Bi=21ri, with the number of

nodes ind elements given by NN=132, NE=65. SeeFire63

The time step is constant at At-4021. [si, and outputs are obtained for

times steps numbered: 225, 450, 900, 1800. One pressure solution is carried

out to obtain a steady-state, (ISSFLO-1). and one concentration Solution is done

per time step, (NUCYC1I).

P-1 rarnetprs:

=0.0 P 1000. [kg/m 31

1 .02X10''1 [m2 j Dm I.x10'10 jm2 /.sj
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E=0.2 5t 10.0 [ml

4 1.0x10- 3 [kg/m-s] UT = 0.0 Im

IgI - 9.8 [m/s21

QTOT = 62.5 [kg/s] (one half at each well node)

C* =1.0

Boundary Conditions:

No flow occurs across any boundary except where hydrostatic pressure is

specified at rmax. At the top outside corner of the mesh, rmax, pressure is

held at zero. A source is specified at r-0.0 to represent the injection well.

L1
Initial Conditions:

Initially hydrostatic pressure is set with p=0.O at the aquifer top.

Initial concentration, Co, is set to zero.

Results:

Res"SUTRA results after 225, 450, 900 and 1800 time steps are compared with

the approximate analytical solutions of Gelhar and Collins (1971) and Hoopes and

Harleman (1967) in Figure 6.4. The analytical solutions are approximate and

they bound the SUTRA solution at the top and bottom of the solute front. All

solutions compare well with each other and the SUTRA solution may be considered

to be more accurate than either approximate analytic solution because it is based

on a very fine spatial and temporal discretization of the governing equation.
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Figure 6.4
Match of analytical solutions for radial solute
transport of Hoopes and Harleman (1967) (dashed),
Gelbar and Collins (1971), (solid), and SUJTRA
solution (dash-dot). Number of elapsed time
steps is n.
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6.3 Radial Flow with Energy Transport

(Analytical Solution)

Physical Set-up:

A confined aquifer contains a fully penetrating injection well. Fluid is

injected at a rate, QTOT, with a temperature, T*, into the aquifer initially

at a temperature, T O . For this problem, density p, and viscosity V, are kept

approximately constant by injecting fluid that only slightly differs in temper-

ature from the ambient fluid; i.e. (T*-TO ) is small.

Objective:

To simulate the transient propagation of the temperature front as it radially

moves away from the well. The solution should match an approximate analytical

solution of Gelhar and Collins (1971) modified for energy transport. The Celhar

and Collins (1971) solution, as modified for energy transport is: .

0 ~~ (r --*2

T _----o erfc ')2[(4 ;L)r 3+ ([kT) r*4]4 (6.4) .Q.-

erfc (6.5)
T T 2[ • ((6.6)

c - EC + (-e~p -(6.7

QTOT 

.i

A = * -- " (6.5) "".

AT  \CO/A (6.6)'""

cTO cc + (l-E)o cs  (6.7) "''7...

k ~ o EXC + ( l k(6 .8 ) -

r* (2ATt) (6.9)
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The energy solution above may be obtained from the solute solution by retarding

the velocity of transport to represent movement of an isotherm rather than a

parcel of solute. This is done by accounting for energy storage in the solid

grains of the aquifer material in the storage term of the analytical solution.

Simulation Set-up: .

The mesh used for this example is the same as for the radial solute transport

example. Time steps and frequency of SUTRA outputs are the same as for the radial -

solute transport example. Further, cycling of the SUTRA solution is the same as

for the radial solute transport example.

Parameters: A
cw  4182. [J/kg.°C1 sop 0.

cs  840. [J/kg.0 Cl k - 1.02xlO -1 1 [m 2 1

kw 0.6 [J/s'm 0 C) = 0.2

p = 1000. [kg/m 3 ]

ks " 3.5 [J/s-m.°C].

PS ,, 2650. [kg/m 3] Ig = 9.8 [m/s 2]

0.0 az 10.[m

P P(T) (relation (2.5)) T

TT 312.5 [kg/sI (one half at each well node)

TOT:T =1.0 0C 1
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Boundary Conditions:

No flow occurs across any boundary except where hydrostatic pressure is

specified at rmax. At the top outside corner of the mesh, pressure is held at

zero. A source is specified at r-0.0 to represent the injection well. Further,

the system is thermally insulated along the top and bottom of the mesh.

Initial Conditions:

Initially, hydrostatic pressure is set with p-O.O at the top of the

aquifer. The initial temperature is ToO0.0C.

Results:

SUTRA results after 225, 450, 900 and 1800 time steps are compared with .

the approximate (modified) analytical solution of Gelhar and Collins (1971) in

Figure 6.5. The analytic solution has the same relation to the SUTRA solution

as it does in Figure 6.4 for solute transport. Thus the match is good, and

again the SUTRA result may be more accurate than the approximate analytic

result because of the fine discretization employed.

6.4 Areal Constant-Density Solute Transport

(Example at Rocky Mountain Arsenal)

Physical Set-up:

This example involves a simple representation of ground-water flow and sol-

ute transport at the Rocky Mountain Arsenal, Denver, Colorado, which is based on S

the detailed model of the system by Konikow (1977). The simplified representa-
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Figure 6.5
Match of analytical solution for radial energy

transport (modified from Gelhar and Collins (1971)
solid line) with SUTRA solution (dashed line).

Number of elapsed time steps is n.
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tion consists of an areal model of a rectangular alluvial aquifer with a con- -,

stant transmissivity and two impermeable bedrock outcrops which influence ground-

water flow. (See Figure 6.6.)

Regional flow is generally from the south-east to the north-west where some

discharge occurs at the South Platte River. This is idealized as flow origin- i
ating in a constant head region at the top of the rectangle in Figure 6.6, and

discharging to the river at the bottom of the rectangle which also acts as a

specified head region. Three wells pump from the aquifer (at a rate Of QOUT.

each), and contam4nation enters the system through a leaking waste isolation AR

pond (at a rate of QIN, with concentration, C ). The natural background con-

centration of the contaminant is Co .

Objec tives:

I) To demonstrate the applicability of SUTRA to an areal constant density

solute transport problem; 2) To convert SUTRA input data values so the pressure I

results represent heads, and the concentration results are in [ppm]; and 3) To

simulate steady-state flow and hypothetical steady-state distributions of the ,,

contaminating solute, both as a conservative solute, and as a solute which under-

goes first order decay, assuming that the contamination source in the idealized

system is at a steady-state.

Simulation Set-up:

The rectangular mesh consists of 16 by 20 elements each of dimension 1000. ft

by 1000. ft, as shown in Figure 6.6. (NN-357, NE-320). Mesh thickness, B, is

the actual aquifer thickness, assumed constant for the idealized model.

One steady-state pressure solution is obtained (ISSFLO-I), and one concen-
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Figure 6.6
Idealized representation for example at Rocky
Mountain Arsenal., and finite-element mesh.
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conduction, dispersion, and tipping of the thermal front. The front should

tip as less dense, less viscous hot water rises over colder, denser, and more

viscous formation water.

Simulation Set-up:

The mesh is 30. [m] high with a vertical spacing between nodes of 3.0 .

im). The first column of elements has width Armin 1.0 [ml, and element

width increases with each column by a factor, 1.1593, to a final column of -

width, Armax - 35. [m]. The outside boundary of the mesh is at rmax a

246. (mi. See Figure 6.13. Mesh thickness, B, at any node i, is Bi -

2 wri, giving cylindrical symmetry. The number of nodes and elements in the

mesh is given by NN-286, NE=250. _

The time step is constant at At - 3.0 [days]. One pressure solution and

one temperature solution is obtained at each time step (NPCYC-NUCYC-1). The

storage coefficient is assumed negligible resulting in a steady flow field at S

any time step. Subroutine BCTIME is programmed to control the well rate which

changes after 90 days from fluid injection to fluid withdrawal.

A time-dependent fluid source is specified at the left vertical boundary

(center axis) which injects 60.['C] water for 90 days and then withdraws ambient

water for 90 days. The right vertical boundary is held at hydrostatic pressure

for water at 20. ('Cl. Any inflow at this boundary has a temperature of 20.'C. .

Thermally insulated and impermeable conditions are held at the top and bottom

of the mesh.
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Figure 6.12
Match of 0.50 isochior contours for Henry problem
with simulated results for tim - 6.6 x 10-9 tm2/sI
of Pinder and Cooper (1970), (short dashes), Segol,
et al (1975) (dotted line), Frind (1982) (long and
short dashes), Desai and Contractor (1977) (long dashes).
SUTRA results at isochlors (0.25,0.50,0.75) (solid line).
Henry (1964) solution for D.m 18.8571 x 10-9 tm2/sJ,
(0.50 Isochlor, dash-dot).



solution, which is approximate and may not be as accurate as the numerical

solutions.

For the lower value of diffusivity, Dm=6.6x]O- 6 [m2 /sJ, (which should S

not compare with the Henry result), the SUTRA solution at t=100. [min] is com-

pared in Figure 6.12 with that of Pinder and Cooper (1970) (method of charac-

teristics), Segol et. al. (1975) (finite elements), Desai and Contractor (1977) 9

(finite elements - coarse mesh), and Frind (1982) (finite elements). The match

of the numerical 0.5 isochlor solutions is remarkably good; however, it should

he noted that none of these match the analytical solution.

6.6 Densitv-Dependent Radial Flow and Energy Transport

(Aquifer Thermal Energv Storage Example) S

Phys ical Set-p:

This is an example of aquifer thermal energy storage. Hot water is in-

jected into an aquifer for storage and later withdrawn and used as an energy

source. The fully penetrating injection wells are emplaced in a well-field

in a hexagonal packing pattern. The wells are at the vertices of contiguous

equilateral triangles with sides of 500. [ml. This gives approximately radial

symmetry to physical processes surrounding an interior well.

Object ive:

To simulate the initial injection-withdrawal cycle at an interior well

consisting of 90 days of injection (at QIN) of 60C water into the aquifer

initiallv at 20"C, and 90 days of withdrawal (at QIN) producing the stored

water. l)egradation of recovered fluid temperature should occur due to thermal

202.
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Figure 6.11
Match of isochior contours for Henry analytical
solution (for 0.50 isochior) (long dashes), INTERA
code solution (short dashes), SUTRA solution (solid
line).
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0.6 (1976) (Steady state,

crD=6.6 x 10-6 m2/S)/
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0 /

-'0.2

xS
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

DISTANCE, IN METERS

Figure 6. 10
Match of isochiors along bottom of aquifer
for numerical results of Huyakorn and Taylor

(1976) and SUTRA.
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Results:

Henry's solution assumes that dispersion is represented by a constant

large coefficient of diffusion, rather than by velocity-dependent dispersivity.

Two different values of this diffusivity have apparently been used in the lit-

erature by those testing simulators against Henry's solution. The total dis-

persion coefficient of Henry (1964), D, is equivalent to the product of porosity

and molecular diffusivity in SUTRA, D=cDm.

Henry's results are given for his non-dimensional parameters: C-2.0, b-O.1,

am.264 (page C80- Figure 34 in Henry (1964)). In order to match the Henry para-

meters using simulation parameters as listed above, values of DI6.6x10- 6 [m2 /s9"

and Dm-18. 8 571xlO-6 [m2 /s] are required. Some authors, however, have appar-

ently used a value equivalent to Dm-6.6xlO-6 [m2/s] and D - 2.31xlO - 6

[m2 /s}, which differs from the Henry parameters by a factor equal to the porosity.

In the previous model solutions compared here, only Huyakorn and Taylor

(1976) have employed the higher value which should match Henry's solution. A

comparison of SUTRA results at t-lO0. (min], using the higher value with those

of Huyakorn and Taylor (1976) along the bottom of the section is shown in Figure

6.10. Huyakorn and Taylor's results are for a number of simulation models "

based on significantly different numerical methods. SUTRA results are also shown

for the lower diffusivlty value. The results of simulations using the higher

diffusivity value compare favorably. Results using the higher value have also

been obtained with the INTERA (1979) finite-difference code at t-lOO. [min),

(with centered-in-space and centered-in-time approximations). These are

compared with SUTRA and the Henry solution for the 0.5 isochlor in Figure

6.11. The models match well but do not compare favorably with the analytic
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sea water through use of specified pressure nodes. Any water which enters the

section through these nodes has concentration CBC of sea water (equal to Cs).

L - Parameters:

E 0.35 k 1.020408x1
0 [ 2

(based on K=1.OxlO [m/s])

.0357 kg(dissolved solids, 9 2 1
• [ kg(seawater) 9

Ps = 1025. [kg/m 3] L = aT = 0.0
-- P = 700 [ kg(seawater)2 - €

ac "(kg dissolved solids-m

Po = 700. fkg/m 3] 6.6x10- 6 [m2 /s] two

D 18.8571x10_ 6 [m2/sj cases

QIN = 6.6x10-2 [kg/si CIN = 0.0

(divided among 11 nodes

at left boundary)

Boundarv Conditions:

No flow occurs across the top and bottom boundaries. A fresh-water source

is set along the left vertical boundary. Specified pressure is set at hydrosta-

tic sea water pressure with (p,=1025. tkg/m 3j) along the right vertical

boundary. Any inflowinR fluid at this boundary has the concentration. Cs=0.0357

tkg(dissolved solids)/kg(seawater)I, of sea water.

Initial Conditions:

Natural steady pressures are set everywhere in the aquifer based on the

* fresh-water inflow, zero concentration everywhere, and the specified pressures

at the sea boundary. These initial conditions are obtained through an extra

initial simulation which calculates steady pressures under these conditions.

198

-. . . . . . . . . . .,~~~~~~~~~~~~. . ...-.-.... .. .. .. ... . ..... . :..... . ,:,... ,,-.. ......-. :.,..



1.0 METER

_ - - - - - ---- .

Q IN -- .. 

.

C IN

La

_ _ _ _ j
477 7777 77 F- 77- -777I7-7 77 777 7 7

0.0 0.1 1.0 2.0 METERS

x=O

Y=O

Figure 6.9
Boundary conditions and finite-element mesh I
for Henry (1964) solution.
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6.5 Density-Dependent Flow and Solute Transport

(Henry (1964) Solution for Sea-Water Intrusion)

Physical Set-up:

This problem involves sea-water intrusion into a confined aquifer studied

in cross-section under steady conditions. Fresh-water recharge inland flows

over salt water in the section and discharges at a vertical sea boundary.

The intrusion problem is non-linear and may be solved by approaching the

steady state gradually with a series of time steps. Initially there is no salt

water in the aquifer, and at time zero, salt water begins to intrude the fresh

water system by moving under the fresh water from the sea boundary. The intru-

sion is caused by the greater density of the salt water.

Dimensions of the problem are selected to make for simple comparison with

the steady-state dimensionless solution of Henry (1964), and with a number of

other published simulation models. A total simulation time of t-1O0. [mini, is •

selected, which is sufficient time for the problem to essentially reach steady

state at the scale simulated.

Simulation Set-up:

The mesh consists of twenty by ten elements, each of size 0.1 [m] by 0.1 (m],

(NN=231, NE=200). Mesh thickness, B, is 1. tml. See Figure 6.9. Time steps

are of length 1. (min), and 100 time steps are taken in the simulation. Both

pressure and concentration are solved for on each time step, (NUCYC-NPCYC-I).

A source of fresh water is implemented by employing source nodes at the -

left vertical boundary which inject fresh water at rate, QIN, and concentra-

tion, CIN. The right vertical boundary is held at hyirostatic pressure of

SD
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Figure 6.8
Nearly steady-state solute plume (with solute
half-life - 20. years) as simulated for the

Rocky Mountain Arsenal example by SUTRA.
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Figure 6. 7
Nearly steady-state conservative solute plume
as simulated for the Rocky Mountain Arsenal
example by SUTRA.
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at 250. [ft] at the top of the mesh and where constant head is specified as

changing linearly between 17.5 [ft] at the bottom left corner, and 57.5 (ftJ at

the bottom right corner of the mesh. Inflow at the top of the mesh is at back-

ground concentration, CoO10. [ppm]. A source is specified at the leaky pond

node, and a sink is specified at each well node.

Initial Conditions:

Initial pressures are arbitrary for steady-state simulation of pressure.

Initial concentration is CoO10. [ppm].

Results:

A nearly steady-state solute plume for a conservative solute is obtained

* after a 1000 year time step shown in Figure 6.7. For a solute which under-

goes first order decay with decay coefficient, yml.lxlO- 9 [s-l (approxi-

mately a 20 year half-life), the nearly steady plume is shown in Figure 6.8.

Just upstream of the plume envelope is a region in which concentration dips

slightly below background levels. This is due to a numerical problem of

insufficient spatial discretization in a region where the concentration must

change sharply from fresh upstream values to contaminated plume values. Lower

dispersivity values would exacerbate the problem in the upstream region, but

minor upstream oscillations do not affect concentration values within the plume. -
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tration solution is obtained. The concentration solution is obtained after a

single time step of 1000. years, which, for all practical purposes, brings the

concentration distribution to a steady-state.

The leaky pond is simulated as an injection of fluid (QIN, C ) at a

single node. Where the impermeable bedrock outcrop occurs, elements are

assigned a conductivity value one-millionth of the aquifer values. A single

value of constant head is specified along a portion of the top boundary, and a

series of head values is specified along the bottom (river) boundary to

represent changing elevation of the river.

In order to obtain results in terms of hydraulic head and [ppmj, the

following must be specified: p-1.0, ap - 0.0, I11-0.0, V-1 .0. Hydraulic con-

ductivities are entered in the permeability input data set. Head values in Ift]

are entered in data sets for pressure. Concentrations in lppmJ are entered in

data sets for mass fraction concentration. Sources and sinks are entered in units

LI
of volume per time.

Parameters:

UL 500. [ft] QIN 1.0 Ift3/sj

aT 100. [ftJ C' - 1000. [ppmJ

e-0.2 Co - 10. [ppml

" K - 2.5x10- 4 [ft/sI QOUT - 0.2 Ift3/sI
(hydraulic conductivity) (at each of three wells)

B- 40. ft
*

Boundary Conditions:

.'-. No flow occurs across any boundary except where constant head is specified
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Parameters
c = 4182. [J/kg.'C] S -0

.. w op

C 840. [J/kg-'Cl k - 1.02 x 10  [m2

k" 0.6 [J/s-m.'C] - 0.35

3X- 3.5 [J/s-m."CJ P - 1000. [kg/m I
S

3
T = 20.'C p s 2650. [kg/m I

-0.375 [kg/r3 -C] v P(T) (relation (2.5))
aT

2
T* 60."CJ IaI - 9.81 [m/s2]

1QTOT = 200. [kg/sl 0 L - 4.0 [m]

(distributed along well)
aT = 1.0 [ml

Boundary Conditions:

Conditions of no flow and thermal insulation are held at all boundaries

except where hydrostatic pressure at T = 20.[Cl is specified at rmax. At the

top outside corner of the mesh the pressure is held at zero. A time-dependent

source is specified at r-0.0 to represent the injection-withdrawal well.

Initial Conditions:

Hydrostatic pressure is specified initially, with p-O.O at the top of the

aquifer. The initial temperature is set to ToW20.[0CI.

*A

Results:

SUTRA results during injection after 30 days and 90 days are shown in

Figure 6.14 and Figure 6.15. Simulated results during withdrawal are shown in
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* Figure 6.14-
SUTRA results after 30 days of hot water injection.
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* Figure 6.15
SUTRA results after 90 days of hot water injection.
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Figure 6.16, Figure 6.17, and Figure 6.18 after 30 days, 60 days, and 90 days

- of withdrawal. The thermal transition zone (between hot and cold water) widens

throughout the injection-production cycle, due to both dispersion and heat con-

duction. The top of the transition zone tips away from the well during the entire

cycle, due to the bouyancy of the hotter water. These two effects combine to

cause cooler water to reach the bottom of the withdrawal well much earlier than

if no density differences or dispersion existed. Also, although the same quan-

tity of water has been removed as injected, energy is lost to the aquifer during

the cycle as seen at the end of simulation.

6.7 Constant-Density Unsaturated Flow and Solute Transport

(Example from Warrick, Biggar and Nielsen (1971))

Physical Set-up:

Water containing solute infiltrates an initially unsaturated solute-free

* soil for about two hours. Solute-free water continues to infiltrate the soil

after the initial two hours. The moisture front and a slug of solute move

downwards through the soil column under conservative non-reactive constant-

density transport conditions, as described in a field experiment by Warrick,

Biggar, and Nielsen (1971).

Objective

To simulate the transient propagation of the moisture front and solute

slug as they move downwards through the soil column, under conditions of

simulation equivalent to that used by Van Genuchten (1982) to represent the
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Fi~ure 6.16
SUJTR.A results after 30 days of pumping, (120 days
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SUTRA resulits after 60 days of pumping, (150 days
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field experiment. The solutions should match the best fine grid - fine time - •

step simulation results of Van Genuchten (1982) which were obtained with a

number of different finite difference and finite element numerical methodol-

ogies.

Simulation Set-up: .

The mesh consists of a single vertical column of 100 elements oriented

in the direction of gravity, which is 2.0 [m] long and 0.01 [m] wide. The

number of nodes and elements is: NN - 202, NE - 100. Each element is 0.01 [m]

wide and 0.02 [ml high. Mesh thickness is unity. The vertical coordinate, x,

is measured downward from the top of the column.

The time step is constant at At = 30. [s], and because of the small time •

step, only one iteration is done per step. The simulation is carried out for

nine hours of infiltration.

Outputs are obtained once each hour, but are only compared at two hours

and nine hours. There is one pressure solution and one concentration solution

each time step.

Parameters

-6 it
k r 1.235376xIO exp(13.604 S ) (6.10)
r w

S 1.52208 - 0.0718947 In(-p) (6.]la)

for -2892.38 < p -1421.96 [kg/(m s2 )]-

S 2.94650 - 0.250632 ln(-p) (6.11b)w

2for p < -2892.38 [kg/(ms )j

S o 0.0 p = 1000. [kg/m 3 I
o p2

k = 4 .4 ,58x1()-  [m2  = 0.0
w
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II

£ - 0.38 L  .0 Im0.

-3a
* 1.0 x 10 [kg/msl T  0.0 [m:

2
9.81 tm/s j

Boundary Conditions

The top boundary representing an infiltration pond, is held fully satur-

ated, Sw - 1.0, (water content cSw  0.38) during the simulation by spec-

ification of pressure at p = -1421.96 [kg/(m-s2)]. The bottom boundary is

held at a specified saturation of Sw - 0.526316, (water content cSw - 0.20)

by specification of pressure, p - -15616.5 [kg/(m-s 2 )]. No flow occurs across

either side boundary, but flow enters the top boundary due to the pressure spec-

ifiration. The concentration of inflowing fluid at the top is held at C - 209. 0

Imeq/literl until time t - 168.0 [min), at which time the concentration of the

inflow drops to C - 0.0 {meq/literl. Note that the concentration units are

arbitrary (need not be mass fractions) because this is a constant density sim-

ulation. .'.

Initial Conditions:

Initially, pressures are set to obtain the following initial distribution

of saturation, shown in Figure 6.19:

0.394737 + 0.219289 x 0.0 < x S 0.60 [m) (6.12)

Sw(X ,t-O )
0.526316 0.6 < x S 1.25 [ml

Initial concentrations are set to zero.
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Results: A
SUTRA results after two hours and nine hours of infiltration are shown

with the finely discretized solutions of Van Genuchten (1982) for saturation .

in Figure 6.19, and for concentration in Figure 6.20. The results coincide

almost exactly for both early and late time so only one curve can be shown for

each time. Although the SUTRA results are obtained with a non-iterative solu-

tion and small time steps, similar results may be obtained with longer time

steps and a few iterations per step. The concentration front lags behind the -

moisture front as the volume between the concentration front and top boundary

represents the water which has infiltrated. The volume of water between the

moisture front and concentration front represents the initial water in the

medium which has been displaced by the infiltrating water. '

S

• -

S

. S.

iS

21 '!

,-S



40

(n

,30-

z
0

D 20-

0

0 20 40 60 s0 100 120
DEPTH, IN CENTIMETERS

Figure 6.19

Propagation of moisture front for unsaturated flow and
solute transport example. Results of Van CenuchtenA
(1982) and SUTRA shown in same solid line.
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Figure 6.20
Propagation of solute slug for unsaturated flow and solute At
transport example. Results of Van Genuchten (1982) and
SUTRA shown in same solid line.
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Chapter 7

Simulation Setup

7.1 SUTRA Data Requirements

The following is a complete list of data required to setup a simulation A
with SUTRA. (1) The information included In the list is the parameter name

used in this report (if it has been mentioned), (2) the parameter units, (3)

the parameter name in the input data list, and (4) a short explanation of the

parameter.

Mesh and coordinate data

2
g [L/s ] GRAVX x-component of gravity vector
x

2

g IL/s I GRAVY y-component of gravity vector
y

x ILl X(1) x coordinate of node I, for all

nodes in mesh

v IL) Y(I) y coordinate of node I, for all

nodes in mesh -

NN NN total number of nodes in mesh

IIN(I-4) counter-clockwise nodal incidence

list in each element

IEDGE(I-4) ordered list of pinch nodes in each
element according to Figure 5.5

NE NE total number of elements in mesh

NPTNCH total number of pinch nodes In mesh

NBT full band-width of global banded

matrix
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a fract ion of an relement per tim(- StepT. broad lx font.., wit It low y radipnt in con-

v-ent r it ion or temperature have adequato teOmperA I di iac r.t' i/a 7I on when t ime stops

are chosen to move t ho front, one or Miot rt clI me.nt per I eJ) 1.S

Usua lI1v a ronst ant time step s izo i s b oson f or t I atispo rt si mu lat ion whon

f low Veloc itrik- rf-mailit reIaiivel v constaint clur inft a s imu lat ion. For satutrated

flow and transport, if' adoqciat e te-mporI-i pre ssure- cisv ret izat ion would allow

I.Argter t imp, st eps t hin the ternporail trans!,port diiscre-t izat ion, then a pressure

so lu t i on ncav he done onl Ie ve ry n t ice4 s t cps, for t ranspor't. For example , if

hc. qd u -IItoP pre F -ic rf- t ime s top i s ten tr iInes t hat o f tran spor t t then SUTRA i npu t

dat a r-qu ire s tho spec i f i c-at i on: NPCYC =10, \I'CYC I

7. tPre ram bi mens ion s0

Al I %-Prtior and air ray. dimiensiorns in the StUTlRA romputer code whirh ma\' vary

het ween si muit iions are- combine~f for us. er convenience in three Ia roe a rrays , RM ,

RV. and r(t 1 These( r-VAVS areP diimensioned by the user in the main routine for

ITTR No ort~r arrayis need ho dimensiornd. R.4 contains all of the real

ma1,t r c;in the CCcdf . RV Cont a ins all of the real vectors, ind IMV contains

ail of c t he i nt ec r m:ItTri (S anld VC t ors. The d imens incrs requ ired for these

At t Ix a PMIJ [M, RVIIM, -cIn( I MVI ' mucst be sppc if ie-d in the ma--in program to values

t'.r i t o r t han or oqualI to t ho ;e requii red. The rpcluitred values are given by

re t n a 1i Ila r toc:
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6) Unsaturated flow simulation requires at least as fine discretization as

does t r insport .Spatifal inst abi lit y appears as an oscil1lat ion in saturat ion]

viJUS Iie Ins.-iturated flow parameters may vary sharply in space, especially dur-

io ri.Wet ting e'Vetts. A rule-of-thumb is to (itsign the mesh to have at least five

e lMtnt s ic russ a saturat ion t ront

7) D~isrret izat ion in t ime is done by choosing the size of time stePps. Actual

t ime st fjp s izes mnay hfe as lreas possibl E whi le providing adequate discret izar ion

of pa r imot er rharipes in time-. A., wit h spatijal di scret izat ion , the adt-quacv of a

tfnpit aii di sc ito i z'it ion may ive t est e~d on lv by comiparcing resul ts of simulations car-

ri,-d ouit with differenit t ims! stop siz7es.

For sa-t uraited f Low s imulation , t empoT3al Ci scret ization begins with fine time

s I -p!, wh ich MAy beCOMe s i gn i f i cant Ilv larger as the system rosponse slows . The

ms- p mul I t i p Iitor feoat u rt i s provided in SUTRAX input dat a to allow this type

oI r .mpo)( ri f I di o rt i :-, t i on1.

I r unsaiftrpd f Low [~mu lat i on with SUiTRA, temporal discret izat ion must be

fin, 40011 i Ii t okee~p sat Iui rait ion c hangev'os a t ea ch nodie t o he small1 ovrer any t ime

s! Np rui le-of -t humb i s that o~er a time step, t he mjx imum saturation change-

i il do 1I 0

l Or t r-In!;pec)t si inulat ion , t enporal changeos in concent rat ion or temtperatutre

it i poinit in paeare ot ten int, to the movement of fronts With the fluimi flow.

Fterek-foreU IHO(1 1.-t e diSCIeIt_ i Zat i On Of t hese parameters in trim- 10s ott on related

t o htot h f Ix:ii vol oc it v irol sp it ia I raditiferit s in the pa-ramters. The higheri the

Ir) itt uiua sp it iii Irii*iyid flid~ velocityv, the smaller the time step re-

(Ii ittd tsr) ilei ui teo empo ra I (Ii !;c r o i za t i o n. A eneral gidel me is t hat. rela-

iv,f.i Airp) i roots rpic f t in- ds i et i 7/It ion which allows them t o move- uni%

2314



WhiLe 7.4) deals with adequate discret izat ion for numerical stabi litv it

may be interpreted from another point of viw. Taketn in combination with the

considerations of guidel Ine (2) requiring, at teast five (lements across a front, • -

(7.4) implies that a minimum front width which may be simulated when the mesh is

de-signed according to :\. 41 is 20n[. Thus for eariv times following onset

of localized energy or solute source , the sharp front that should result mav be -

simu lated inaccurate ly as it s width is less than 20 L.

4) Discretization for transverse dispersion also may be related to dis-

persivitv. Although an exact guideline is not given, the object of transverse

discretization is to make the local element dimension perpendicular to a stream-

line small relative to the total transverse dispersi,,ity:

AL, < (A + ES o + (I-)oI (7.5)

where AL.r is the local element dimension transverse to the flow direction. InUI

the c'se where the transverse mixing rather than diffusion dominates the trans-

verse dispersion an adequate but stringent rule-of-thumb may be, Al T < 10 T '

although simulation results should be compared for various transverse discreti-

7dt ions.

) Radial/cvLindrical meshes with a weI require very fine discretization

nei,:r t he center axis to t(commodate the sharply curving pressure di stribi tion.

The rad iaI lmen t dimensio n mav inc rease out wa r and htcome const ant a t for

elx.,rnp[,, e size (of 4o

o
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CwS lv ALL
Pe -7.1)
m [ES (a + aL Ivi) + (1-()a )

w w - S

where AL is the local distance between element sides along a streamline of
L

flow. Spatial instability appears as one or more oscillations in concentration

or temperature. Stability is guaranteed in all cases when Pe S 2, which givesm

a criterion for choosing a maximum allowable element dimension, ALL, along the

local flow direction. This criterion significantly affects discretization.

Spatial stability is usually obtained with SUTRA when

Pe S 4 (7.2)
m

which gives a less-stringent criterion. Mesh design according to the criterion

is critical when concentrations or temperatures change significantly along A
streamlines, such as when a front is propagated in the direction of flow. When

concentrations or temperatures exhibit small changes along streamlines, then

the criterion, (7.2) may safely be violated, even by a few orders of magnitude,

without inducing spatial instability. An example of this may be cross-sectional

simulation of an aquifer containing fresh water and salt water. In such a case,

flow often is directed parallel to the front between fresh water and salt water,

allowing use of discretization with large mesh Peclet numbers.

In the typical case of solute or energy transport with longitudinal dis-

persion primarily due to longitudinal mixing, the mesh Peclet number becomes:

ALP

Pe C ( -- (7.3)
L 1

A discretization rule-of-thumb for simulation with SUTRA which guarantees

spatial stability in most cases is:

ALL S 4aL  (7.4)
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distinct lavers of permeability. Each node at the boundary of these layers

Pxperiencos some average of the two permeabilities rather than either one. "

Thus, no node in the system experiences the assigned low permeability of con-

fining [aver, and the three-laver discretization is inadequate. More layers of

elements are required in each unit to obtain adequate discretization although

the model alwavs experiences an average permeability in the elements making up .O

the boundaries of the units. Further refinement of discretization would be re-

quired to tepresent the pressure distribution should accurate simulation of

shi.rplv-virving pressures across the confining layer be required.

Discetization of the spatial distribution of transport variables, con-

centra! ion or temperature, often is that which requires the finest mesh. The

spatial distributions of these variables often include a 'front' at which the

concnt rat ion or temperature changes sharply from high values on one side to

low values on the other side. A rule-of-thumb is that at least five elements

should divide the front in order to guarantee that the simulated front. width 0

arises from simulated physical processes rather than from spreading due to

inarlequate discretization. When such fronts travel with the flow across a mesh

during simulation, then the mesh must be designed fine enough to adequately .

represent the front at all points along its path. In regions external to the

front path, coarser discretization is usually adequate, and an expanding mesh '

or pinch nodes may be used to design the discretization in this region.

3) The spatial stability of the numerical approximation of the unified -

Ira,,sport equation (2.52) depends on the value of a mesh Peclet. number. Pem, S

gi\'',n by:
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ferences in the results, then the coarser simulation indeed has been adequately

discretized.

Some general guidelines for obtaining adequate discretization, both for .

parameter representation and for accuracy and stability of numerical methods

are given below.

1) Nodes are required where boundary conditions and sources are specified.

Should accurate simulation of processes near these specified points be required,

then a finer mesh is needed in these areas.

2) A finer mesh is required where parameters vary faster in space. This

is often the case near sources or boundary conditions specifying inflows of -

fluid, solute or energy. The fineness required is that which makes the nodewise,

cellwise, or elementwise discretization of the parameter values a good represen-

tation of the actual distributions. When a parameter distribution is known a 6

priori, then this discretization is straightforward. However, when the parameter

distribution depends on the simulation results then judgement must be exercised

in discretization, and the result may be tested by experiment with various dis-

cretizations.

It is important to recognize that each node or element does not alone rep-

resent a physical entity in an aquifer system. This is demonstrated in the

following example which shows that one layer of elements Is not a good repre-

sentation In cross section of a semi-confining layer or aquifer unit. Although

permeability is specified elementwise and the permeability of two aquifer units •

separated by confining layer, viewed in cross-section, is clearly represented

visually bv three layers of elements, the numerical model does not 'see' three
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7.2 Discretization Rules-of-Thumb

Proper discretization in space and time is the vital factor in obtaining

accurate simulation of the physics of flow and transport with a numerical model

such as SUTRA. Adequate discretization is vital for two reasons: 1) The

ability of a model to represent the variations in system parameters and to

simulate complex processes depends on the fineness of discretization. 2) The

accuracy and stability of the numerical methods used to represent system

processes, in particular, transport, depends on the spatial and temporal

discretization. This section describes some general guidelines for designing

adequate discretization for simulation with SUTRA.

A 'sufficiently good' discretization allows for accurate simulation of the

processes and parameter variations at the scale of interest, and thus the .

goodness of a discretization Is a relative rather than absolute factor. A better

discretization is always obtained by making existing discretization finer, but

the finer the discretizations are, the more computationally expensive the simu- S

lations become.

Relative to a certain adequate level of fineness, even finer discretizations

do not practically improve the accuracy of simulation. In contrast, discretiza- _----

tion that is too coarse may completely obscure parameter variations and processes

of interest in a simulation, and give highly inaccurate results. Unfortunately,

simulation results based on inadequate discretization may appear to be a reasonably -

good representation of flow and transport physics in a particular system. The

only way to explicitly check for inadequate discretization of a system is to simu-

late with a discretization-that is assumed to be adequate and then with a signi--- S

ftcantly finer discretization and compare results. If there are no telling dif-
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NCHAPI number of printer characters per Inch

NCHAPL number of printer characters per line

PBASE value for scaling platted pressures

UBASE value for scaling plotted temperatures

or concentrations

Observation Option

NOBS number of nodes at which pressure

and temperature or concentration
will be observed (zero cancels the
option)

NTOBS maximum number of observation time
steps

NOBCYC observations are made every NOBCYC
time steps

INOB(1) observation node numbers

Budge Otion

( I output fluid mass and energy or
KBUDG- solute mass budgets

-0 no budgets

Output Controls

I output nodewise input data
KNODAL '.:

0 cancel output 0

I output elementwise input dataKELMNT ''

0 cancel output

1 output incidence lists
KINCID ic c s

0 cancel output

NPRINT results are output every NPRINT

time steps
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Simulation mode options

SIMULA SUTRA ENERGY TRANSPORT"

- "SUTRA SOLUTE TRANSPORT"

IUNSAT Iju allow unsaturated flow I
0 saturated flow only

ISSFLO Isteady-state flow

- 0 transient flow and transport

ISSTRA I steady-state flow and transport

- 0 transient transport

Velocity Output Option

KVEL I 1 output fluid velocity at element
centroids--

- 0 no velocity output

Printer Plot Output Option .

KPLOTP I output of pressure

0 no pressure plots

KPLOTU I 1 output plots of temperature
or concentration

- O no plots of temperature or
concentration

Al
IDIREC - +1 plot across page (small)

- -1 plot along page (large)

NLINPI number of printer lines per inch

2

227



- - - . . .o .- .M

P~cJ [VEM(I) for energy transport: initial temp-
:(t=t )erature at all NN nodes in the mesh

IM /M1 UVFC(fI) for solute transport: initial con-
centration at all NN nodes in the
mesh

Numeric-al -and- temporal control data

xi ~ sIGNU specified pressure boundary condition
'conductance' factor (4.64)

*.lip it] UP fractional upstream weight for asym-
metric weighting functions (4.23) (4.24)

At [s] DELT initial time step

(s] TMAX maximum allowed simulation time

ITMAX maximum allowed number of time steps
in a simulation

* ITCYC time step change cycle _

DTMULT multiplier for time step change cycle

DTMAX maximum time step size allowed when
using multiplier

NPCYC NPCYC time steps in pressure solution cycle

NtiCYC NUCYC time steps in temperature or concen- '
IRMAX maximum number of iterations for non-

linearities per time step

MN/ L-s) RPMA.\ pressure convergence criterion for
iterations

RUMA- for energy transport: temperature

Iitt) convergence c i ter o n

IM /MI RUIMAX for solute transport: concentration
s Nconvergence criteriOn

* Rit.4 to-roptions

TREAD "+1 new simulation - cold start
-1 rUc tart simulation - warm start

ISTORI I Store simulation result for

later rost at

0) do not st()rfs rePsult';

22h
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, VCJ UINC, UIN(I) for energy transport: value of temp-
erature of any fluid which enters
the system at source node IQCPUN or

IN [Ms/MJ UINC, UIN(I) for solute transport: value of con-
s1 centration of any fluid which enters

the system at source node IQCP

Energy or Solute Data -

Specified Temperatures or Concentrations

NUBC NUBC number of nodes at which temperature
or concentration is a specified

constant or function of time
IUBC. IUBC(IPU) node number at which temperature

lpu or concentration is specified (for

all NUBC nodes)

I 1C] UBC(IPU) for energy transport: value of spec-
ified temperature at node IUBC (for

UBC all NUBC nodes)

[Ms/Ml UBC(IPU) for solute transport: value of spec-
ified concentration at node IUBC (for
all NUBC nodes)

Energy or Solute Data -

Diffusive Fluxes of Energy or Solute Mass at Boundaries

NSOU NSOU number of nodes at which a diffusive

energy or solute mass flux (source)~is specified

IQCU IQCU, node number at which a flux (source)
IQSOU(IQU) is specified (for all NSOU nodes)

( E/s] QUIN( for energy transport: energy flux
(source) rate at node IQCU (for all

IN NSOU nodes)

IM /91QUINMfor solute transport: solute mass
1S

flux (source) rate at node IQCU (for
all NSOU nodes)

Initial conditions

t 0 s] TSTART starting time for simulation cloAk

P(t-t) [M/(L-s-)] PVEC(II) initial pressure at all nodes in mesh

225



.- ,+ .- ,----+ . . -----" --- + + - ' .- .... - +- -" " * " " -

f(E/N)/sl PRODFO for energy transport: zero-order

rate of energy production 
in the

KM IMwf a] fluid

[(M /M)/s] PRODFO for solute transport: zero-order -n
rate of solute mass production in
the fluid

I [(ElMG)/sM PRODSO for energy transport: zero-order
SG rate of energy production in the

s immobile phase

( ((M /M G)/sI PRODSO for solute transport: zero-order

rate of adsorbate mass production
in the immobile phase

Boundary conditions and source data

Flow Data - Specified Pressures

NPBC NPBC number of nodes at which pressure is
a specified constant or function of

time

I pu IPBC(IPU) node number at which pressure is
specified (for all NPBC nodes)

2
PBC pu  [M/(L)s PBC(IPU) value of specified pressure at node "

I uIPBC (for all NPBC nodes)

( OC1 UBC(IPU) for energy transport: value of temp-
''" erature of any fluid which enters
UBC ipu  the system at node IPBC

( Ml UBC(IPU) for solute transport: value of

concentration of any fluid which

enters the system at node IPBC

Flow Data - Specified Flows and Fluid Sources

NSOP NSOP number of nodes at which a source
of fluid mass is specified

IQCPjqp IQCP, node number at which a fluid source
l" +  IQSOP (IQP) is specified (for all NSOP nodes)

m

QIN 1  IMis] QINC, QIN(I) fluid source rate at source node
IQCP (for al' -des)
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as (E/(L-'C's)] SIGMAS for energy transport: solid grain
thermal conductivity (equals zero
for solute transport)

cw  E/(M-'C)] CW for energy transport: fluid specific .6
heat capacity (equals one for solute

transport)

ca IE/(M.'C)j CS for energy transport: solid grain
specific heat capacity (not specified

in input data for solute transport) -A

08 (MIL 3 ]  RHOS density of a solid grain in the solid
matrix

Reaction and production parameters

Linear Sorption Isotherm

[L /M CHII linear distribution coefficient (2.34a)f G (X is zero for this isotherm)

26
Freundlich Sorption Isotherm

L /MG} CHII Freundlich distribution coefficient (2.35a)

X2  111 CHI2 Freundlich coefficient (2.35a)

Langmuir Sorption Isotherm

3
X [Lf /MG] CHII Langmuir distribution coefficient (2.36a)

3
X JL /M 1 CH12 Langmuir coefficient (2.36a)2 f5

Production
Ys 1 1 PRODF1 for solute transport: rate of first-

order production of adsorbate mass

in the fluid mass (equals zero for
energy transport)

(a - PRODS1 for solute transport: rate of first
order production of solute mass in
the immobile phase (equals zero for
energy transport)
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F I ow a t ers

8 [M/(OMP 2 )1-1 (OMPFL fluid compressibility

. [M/(L-s2)j - 1  COMPMA solid matrix compressibility

ilj POR(I) volumetric porosity of solid matrix

at each node

kmaxt, PMAX(L) maximum component of permeability in
each element

kminL [L2 ] PMIN(L) minimum component of permeability in
Leach element

01 K] ANGLEX( .) anple btween kmax and +x-axis in
each element

o/I.i") RHOWO fluid base density

[M/L3"uC] DRWDU for energy transport: coefficient
p of fluid density change with temp-

or erature

[M2 /L 3 "Ms ]  DRWDU for solute transport: coefficient
of fluid density change with concen-
tration

[0c] URHOWO for energy transport: base tempera-
ture for density calculation

- . or

[Ms/MJ URHOWO for solute transport: base concen-

tration for density calculation

Transpor paramters

lmax, I, ALMAX (L) value of longitudinal dispersivitv in
direction of kmax in each element

. 0 minl. [LI ALMIN (L) value of longitudinal dispersivity in
direction of kmin in each element

.[I,] ATAVG L) value of transverse dispersivity in
each element

* ( [E/(l, '"C-s) SIGMAW for energv transport: fluid thermal
conduct ivit-v

Ow or

m-2 /sl S[GMAW for soluto transport: molecular dif-
fusivitv ot solute in fluid

2

*...o

.. . .



RVDIM = (NNV)(NN) + (NEV+8)(NE) + (NBCN)3 (7.7)

+ (NOBS+1)(NTOBS+2)2 + NTOBS + 5

IMVDIM (NE)8 + NN + (NPINCH)3 + NSOP + NSOU (7.8)

+ (NBCN)2 + NOBS + NTOBS + 12

and

NN number of nodes

NE number of elements

NBI = full band width of matrix

NSOP number of fluid source nodes

NSOU = number of solute or energy source nodes

NPBC = number of specified pressure nodes

NUBC number of specified U nodes

NBCN = NPBC + NUBC

NPINCH number of pinch nodes

NOBS number of observation nodes

NTOBS = number of observat n time steps (max)

NNV = number of vectors NN long approx. 30 (fixed)

NEV number of vectors NE long = approx. 10 (fixed)

The actual relations and values are listed in the main routine and should be

checked there for the most recent SUTRA model version. These dimensions may

be greater than but not less than the values given by the relations equivalent

to (7.6), (7.7) and (7.8) in the main routine.
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7.4 Input and Output Files

The SUTRA computer code requires three or four files to be assigned on the ..

computer in order to run simulations. Two of these are input files and one or-

two of these are output files.

INPUT FILES:

UNIT-5 A file must be assigned as fortran-unit-5 which contains SUTRA input

data for UNIT-5. This file contains all of the data recessary for

simulation except initial conditions.

UNIT-55 A file must be assigned as fortran-unit-55 which contains SUTRA input

data for UNIT-55. This file contains initial conditions of pressure I

and concentration or temperature for the simulation to be done.

OUTPUT FILES:

UNIT-6 A file must be assigned as fortran-unit-6 on which printed output I

of the simulation will be placed.

UNIT-66 An optional output file must be assigned as fortran-unit-66 if

the option to save the solution of the most recently completed time .

step for later restart is chosen in UNIT-5 when (ISTORE 1). Data

will be written to this file in a format equivalent to UNIT-55 data

so that this file may later be used as UNIT-55..

The data lists and formats for the input files are given in section 7.7.

.SUTRA Input Data List."

I
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7.5 User-Supplied Programming

When SUTRA is used for simulation of systems with unsaturated flow, then

the user must code the desired unsaturated flow functions in subroutine UNSAT.

When SUTRA simulation includes time-dependent boundary conditions or sources,

then the desired temporal variations must be coded by the user in subroutine

BCTIME.

Subroutine UNSAT

The general operation of this subroutine is described in section 5.7,

"Program Structure." Given a single value of pressure, UNSAT must provide val-

ues of Sw, (aSw/ap), and kr. UNSAT consists of three sections. The user must

supply code in each of these sections. An example using the unsaturated flow

* functions (2.8), (2.11), and (2.21a) and (2.21b) is given in the listing of

Subroutine UNSAT in APPENDIX A, "SUTRA Progrem Listing."

The first section requires specification of saturation, Sw, as a function

of pressure, p. The second section requires specification of the derivative of

saturation with respect to pressure, p, or saturation, Sw . The third section

requires specification of the relative permeability, kr, as a function of

either saturation, Sw, or pressure, p. The pressure value which is passed to

UNSAT is the projected value, the most recent iterate or the newly obtained

solution. The values are either at Gauss points or at nodes.

Any convenient programming algorithm may be used to implement these functions

in IUNSAT. Some possibilities are: use of explicit expressions, as in the example;

use of data statements; use of logical statements to give piecewise continuous

Il

*'.°
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functions; or use of READ statements to input new data to the functions from either

UNIT-5 or a new data file. Sometimes functions with entry pressure or residual

saturation require that functions used be switched when passing by these values.

Logical statements which check Sw or p values may be used to switch to other

functions or to constant values, as required.

Subroutine BCTIME

The general operation of this subroutine is described in section 5.7,

"Program Structure." At the beginning of each time step, BCTIME must provide:

values of all specified time-varying pressure values and temperature or concen-

tration values of fluid inflow at these nodes; values of specified time-varying

temperature or concentration; values of specified time-varying fluid sources

(or sinks) and temperatures or concentrations of these flows if they are inflows;

and values of time of time-varying energy or solute mass sources (or sinks).

BCTIME consists of four sections, each dealing with one of the above types of

specification. The user must supply code in the section (or sections) of BCTIME

which specifies the particular type of time-varying boundary condition or source *
desired. ,

The first section is used for specifying either time variation of pressure,

or time variation of the temperature or concentration of any fluid which enters

the system at a point of specified pressure, or both. The coding must be entered

within a loop which checks all NPBC specified pressure nodes for the time-variability

flag. This flag is a negative node number in the list of specified pressure nodes

IPBC(TP). The counter for the list is IP. When the loop finds that the Ipth _-

node number, IPBC(IP), is negative, then the actual node number is given by I - -'

-IPBC(IP). In this case, the user must supply code which specifies a value

239
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appropriate for the current time step, for both PBC(IP), which is the specified

pressure for the Ipth specified pressure node (node I), and for UBC(IP), which

is the specified temperature or concentration of any inflow at the Ipth speci- S

fied pressure node (node I). The loop skips over the positive node numbers in

the list IPBC(IP).

The second section is used for specifying time variation of temperature or

concentration. The coding must be entered within a loop which checks all NUBC

specified temperature or concentration (U) nodes for the time-variability flag.

This flag is a negative node number in the list of specified U nodes, IUBC(IU).

The list begins in the (NPBC + I)th element of IUBC as shown in the description

of subroutine BOUND in section 5.7, "Program Structure." The first NPBC elements

of IUBC are blank. The counter for the list is IU. If the loop finds that the

1 Uth node number, TUBC(NPBC + IU), is negative, then the actual node number is

given by I -IUBC(NPBC + IU). In this case, the user must supply code which

specifies a value, appropriate for the current time step, for UBC(NPBC + IU),

* -which is the specified temperature or concentration for the IUth specified U

node (node 1). The loop skips over node numbers, IUBC(NPBC + IU), which are

:kpositive.

The third section is used for specifying time variation of either fluid

sources (or sinks), temperature or concentration of inflowing fluid at sources,

or both. The coding must be entered within a loop which checks all NSOP fluid

source nodes for the time-variability flag. This flag is a negative node number

in the list of fluid source nodes, IQSOP(IQP). The counter for the list is IQP.

* If the loop finds that the IQpth node number IQSOP(IQP), is negative, then -

the actual node number is given by I - -IQSOP(IQP). In this case, the user must

- . supply code which specifies a value appropriate for 1he current time step, for
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both QIN(1), which is the specified fluid source for node I (the IQpth speci-

fied fluid source node), and for UTN(I), which is the temperature or concentra-

tion of inflowing fluid at node I. The loop skips over node numbers in the list, 0

IQSOP(IQP), which are positive.

The fourth section is used for specifying time variation of energy or 2
solute mass sources. The coding must be entered within a loop which checks all

NSOU specified energy or solute mass source nodes for the time-variability flag.

This flag is a negative node number in the list of specified energy or solute

mass source nodes, IQSOlI(IQU). The counter for the list is IQU. If the loop

finds that the IQUth node number, IQSOU(IQU), is negative, then the actual

node number is given by I -IQSOU(IQIJ). In this case, the user must supply

code which specifies a value appropriate for the current time step, for QUIN(I),

which is the specified energy or solute mass source for node I (the IQUth

specified energy or solute mass source node). The loop skips over the positive

node numbers in the list, IQSOU(IQU).

The current time at the end of the present time step in seconds, TSEC, and

in other time units is available for use in specifying time variations. Any

ronvenient programming algorithm may be used to implement the time-variations

In BCT[ME. Some possibilities are: use of expressions as explicit functions of .

time such as, for example, a sine function to represent tidal pressure variations;

use of data statements and new arrays explicitly dimensioned in BCTIME; use of

logical statements to give stepped or piecewise continuous functions; or use of

READ statements to input the time-varying values directly from SUTRA UNIT-5 or

a new data file. If different functions or values are to be specified at various

nodes, then the user must also supply code to dist inguish which functions apply

to which specified node numbers.
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7.6 Modes and Options

Simulation modes

SUTRA may simulate flow and transport in three temporal modes for either

energy or solute transport. The modes are: (1) transient flow and transport,

(2) steady flow with transient transport, and (3) steady flow and steady trans-

port, where mode (I) is the most computationally expensive and mode (3), the

least expensive. Modes (2) and (3) are not applicable to all problems. The

classes of problems amenable to solution by each node is given below.

(1) Transient Flow and Transient Transport

Allows for simulation of any physical problem which SUTRA deals

with: either saturated or unsaturated flow or both; variable -0

fluid density and viscosity; any sorption isotherm; energy or

solute transport.

(2) Steady-State Flow and Transient Transport

Allows for simulation of a restricted class of SUTRA problems:

saturated flow only; constant fluid density and viscosity; any

sorption isotherm; energy transport with only small variations

In temperature, or solute transport.

(3) Steady-State Flow and Steady-State Transport

Allows for simulation of the most restricted class of SUTRA prob- "

lems: saturated flow only; constant fluid density and viscosity;

linear sorption isotherm only; energy transport with only small

variations in temperature, or solute transport.

4**1
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These modes are specified in UNIT-5 input data by the values of ISSFLO,

ISSTRA, and SIMULA.

Output options

A number of output options are available which help to interpret SUTRA

simulation results. These are: (1) printer plots, (2) velocity output, (3) Gil

budget output, and (4) observation node output. The first three options require

some extra computations and should be used only when necessary, as the extra

calculations are done for each printed output.

(1) Printer Plots

Plots are available which are printed on each time step on which

[ there is output. The plot is a map of three-digit pressures,

temperatures or concentrations at the nodes which may be contoured

by hand for an initial view of simulation results. Either a pres-

sure pilot or temperature (concentration) plot is output, or both on

* each time step with output. The plot consists of three significant

figures of the pressure or temperature (or concentration) value at

each node printed approximately at the nodal location in a map scaled

to the printer paper. The map may be oriented either across the output

page for a small plot, or along the page for a large plot. A plot of

* the locations of node numbers is provided with the input data print-out.

Unfortunately, when some nodes in the mesh are grouped closely relative

to the others, the printed three digits at clustered nodes may overlap

and obscure the values. This typically occurs near the center axis for
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meshes in cylindrical coordinates. Use of the large plot may separate

the values but the plot size can become unwieldy. Computer graphics con-

touring must then be employed, and is clearly more convenient than hand- -.

contoured printer plots when available.

(2) Velocity Output

An output of fluid velocity is available, the information in which

may be used to plot velocity vectors everywhere in the simulated

spatial region with computer graphics software supplied by the user.

These velocities are calculated and output on each time step that a

pressure solution is output. One velocity is calculated in each

finite element, at the location of the element centroid, as described

in section 5.5, "Velocity Calculation for Output." Velocity output

occurs in two groups of values: first, the magnitude of the velocity

vector at each element centroid, and second, the angle measured (with

a counter-clockwise positive value) from the positive x-axis to the

velocity vector direction. Note that velocity values are lagged one

time step if a non-iterative solution is used. (In this case, they are

calculated not with the new pressure solution, but with the solution of

the previous time step and with fluid density values of the step before

that. This keeps the velocity calculations consistent in time.) This

option is controlled by UNIT-5 parameter, KVEL.

(3) Budget Output

A fluid mass and energy or solute mass budget output is available as

an aid in tracking the simulated behavior of a system. The budget is

not a check on numerical accuracy of the model as the calculations

involved in determining the budget are less accurate than the calcula-

i
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tions used to carry out the SUTRA simulation. The budget is output on

each time step with printer output, and tallies total system changes in

fluid mass, and energy or solute mass for the time step. Besides the 0

totals of these quantities for the entire simulated region, the budget

lists time step total gains or losses In these quantities at each spec-

Ified pressure node, fluid source node, and energy or solute mass source

node in the mesh. More information about the budget calculations is

given in section 5.6, "Budget Calculations." The option is controlled

by UNIT-5 parameter, KBUDG.

(4) Observation Node Output

An observation node output is available which observes pressure and

temperature or concentration at particular nodes in the system during

the simulation, and outputs the observations in table form after the

last time step of the simulation has been completed. For each observed

node, the table consists of three columns of numbers: the time of the .

observation, the observed pressure value, and the observed temperature

or concentration value. Any number of observation nodes (NOBS) may be

chosen, and observations may be requested every NOBCYC time steps.
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7.7 SITRA Input Data List

L.ist of Input Data for UNIT 5

Model Series: SUTRA

Model Version: V1284-2D

Note that three arrays in the main routine of the code need to be

dimensioned. The procedure for choosing dimensions is listed in the

main routine itself, near the place where the dimensions need be -
speci tied.

DATASET 1: Input Data Heading (one card)

Variable Format Description

SIMULA 2A6 For energy transport simulation, write
"SUTRA ENERGY TRANSPORT". -
For solute transport simulation, write
"SUTRA SOLUTE TRANSPORT".

The rest of the card is not used by SUTRA and
may either be left blank or may be used to note

an additional label for this UNIT 5 data list.
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DATASET 2: Output Heading (two cards)

-Variable Format Description

TITLEI 80AI First line of a heading for the input data

set.

TITLE2 80AI Second line of heading for the input data
set.

These two lines are printed as a heading I
on SUTRA output.
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DATASET 3: Simulation Control Numbers (one card)

Variable Format Description

NN I5 Exact number of nodes in finite element
mesh.

NE I5 Exact number of elements in finite element
mesh.

NBI I5 Full bandwidth of global banded matrix. NBI
is equal to one plus twice maximum difference
in node numbers in the element containing the -""-

largest node number difference in the mesh.
This number is critical to computational
efficiency, and should be minimized by
careful numbering of the nodes (see Figure 7.1).
Setting NBI too small causes SUTRA to automa-

tically print out the correct value and stop.

NPINCH I5 Exact number of pinch nodes in the finite
element mesh.

NPBC 15 Exact number of nodes at which pressure is a
specified constant value or function of time.

NUBC 15 Exact number of nodes at which temperature or

concentration is a specified constant value or
function of time.

NSOP 15 Exact number of nodes at which a fluid
source/sink is a specified constant value
or function of time.

NSOU T5 Exact number of nodes at which an energy or
solute mass source/sink is a specified constant
value or function of time.

NOBS I5 Exact number of nodes at which observations will
be made. Set to zero for no observations.

NTOBS 15 Maximum number of time steps on which observations

will be made. This depends on both the number of
time steps in the simulation (DATASET 6), and on
the frequency of observations (DATASET 21). NTOBS
may be set to a value greater than that needed.

Set to zero for no observations.

249



24 -K25
19_20_21 

_ 2 23 -

16

3

V 
10

F4 r 7. 1

22

- -. -. - .- - - - I



DATASET 15B: Elementwise Data (one card for each of NE elements)

Variable Format Descript ion

L 110 Number of element to which data on this
card refers.

PMAX(L) C1O.0 Scaled maximum permeability value of
element L, kMax . IL2)

PMIN(lj G10.0 Scaled minimum permeability value of
element L, kmin(L). (L2 J

Isotropic permeability requires:
PMIN( L-PMAX( L)

ANGLEX(L) 010.0 Angle measured in counterclockwise direction
from +x-direction to maximum permeability
direction in element L, ()L- I
Arbitrary when both PMNN(LPMAX(L, and
ALMAX(L) - ALMIN(L).

AMX(L) GIO.0 Scaled longitudinal dispersivity value of
element L in the direction of maximum
permeability PMAX(L), ulmax(L). ILI

AIMIN(L G10.0 Scaled longitudinal dispersivity value of
element 1, in the direction of minimum
permeability PMIN(L, C'Lmin(L). [LI

ATAVG(L,) GIO.0 Scaled average transverse dispersivity value
of element L, (OT(L. [LI

264



DATASET 15A: Srale Factors for Elementwise Data (one card)

Variable Format Description

LOX In the first ten columns of this card
write "ELEMENT it, leaving three

columns blank.

PMAXFA GI0.0 Th scaled maximum permeability values
of elements in DATASET 15B are multiplied -
by PM-AXFA in SUTRA. May be used to
convert units or to aid in Assignment of
maximum permeability values in elements.

PMINFA G 10. 0 The scaled minimum permeability values
of elements in DATASET ISB5 are multiplied
by PMINFA in SITA. May be used to convert
units, or to Aid assignment of minimum
permeability values in elements.

ANGFAC G10.O 0'[he scaled angles between the maximum
permeability direction and the x-axis
of elements in DATASET 15B are multi-
plied by ANGFAC in SUTRA. May be used
to easily assign a uniform direction
of anisotropy by setting ANGFAC.= Angle,
and all ANGI.[EX(L,)=.() in DATASET 15B.

AI.MANF C10. 0 The scaled maximum longitudinal dis-
persivities of elements in DATASET 1513
are multiplied by ALMAXF in SUTRA. May
be used to convert units or to aid In
assignment of dispersivities.

ALI NF C 10. 0 The scaled minimum longitudinal dis-
persivities of elements in DATASET 15B
Are multiplied by AIMTNF in SHTRA. May
be used to c-onve-rt- units or to Aid in
assignmenit of dispersivities.

ATAVGF G,10. 0 The scaled average transverse disper-
s Ivitri es of oelement s i n DATASET I 'B are
muIt ipIie by h" ATAVGF in SUITRA. Max' be
used to convert units or to Aid in
aqsqignme-nt (if dispersivit-v.
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DATASET 1411: Nodewise Data (one card for each of NN nodes)

Variable Format Description

11 15 Number of node to which data on this card
refers, f.

X(IT 10.(0 Scaled x-coordinate of node 11, xi. fLl

Y(II) GI0.O Scaled v-coordinate of node 11, Yi. ILJ

TrHI I IT) 10O. 0 ScalIed thickness of mesh at node IT. [L)

In order to simulate radial cross-sections,
set THICK( TI) = (2'x)(radittsi), where

radiusi is the radial distance from the-
vertical center axis to node i.

POR( LI) lUOScaled porosity value at node 11, cj. III
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DATASET 14A: Scale Factor for Nodewise Data (one card)

Variable Format Description

5X In the first five columns of this card
write "NODE ", leaving one column blank.

SCALX G10.0 The scaled x-coordinates of nodes in
DATASET 14B are multiplied by SCALX in SUTRA.
May be used to change from map to field
scales, or from English to SI units. A value

of 1.0 gives no scaling.

SCALY GlO.0 The scaled v-coordinates of nodes in
DATASET 14B are multiplied by SCALY in SUTRA. -

May be used to change from map to field
scales, or from English to SI units. A
value of 1.0 gives no scaling.

SCALTH C10.O The scaled element (mesh) thicknesses at
nodes in DATASET 14B are multiplied by SCALTH --

in SUTRA. May be used to easily change ,
entire mesh thickness or to convert English
to SI units. A value of 1.0 gives no scaling.

PORFAC (1O0. The scaled nodewise porosities of DATASET 14B
are multiplied by PORFAC in SUTRA. May
be used to easily assign a constant porosity 0
value to all nodes by setting PORFAC-porosity,
and all POR(lI)-I.O in DATASET 14B. -
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DATASET 13: Orientation of Coordinates to Gravity (one card)

Variable Fo r mat Desac r Ipt ion

GRAVX G1O.0 Component of gravity vector in

+x direction. fL2/s]
GRAVX -If(aELEVATION/ax),
where I is the total accel-
eration due to gravity in [0/81i.

GRAVY G1O.0 Component of gravity vector in

+y direction. it2isj
GRAVY - -jyj (aELEVATION/ay),
where I&I is the total accel-

eration due to gravity in tL2 /sj.
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DATASET 12: Production of Energy or Solute Mass (one card)

Variable Format Description

PRODFO G10.0 Zero-order rate of production in the fluid
70. I(E/M)/sl for energy production,
t(Ms/M)/sl for solute mass production.

PRODSO GIO.0 Zero-order rate of production in the immobile
phase, ys. J(E/MG)/sj for energy
production, ((Ms/MG)/sl for adsorbate mass
production.

PRODF1 610.0 First-order rate of solute mass production in
the fluid, Y. (a-1
Leave blank for energy transport.

PRODSI G1O.0 First-order rate of adsorbat mass production in
the immobile phase, yV" Is
Leave blank for energy transport. '

--- 0

I.S
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DATASET 1i: Adsorption Parameters (one card)

Variable Format Descrtption

ADSMOD AIO For no sorption or for energy trans-

port simulation write "NONE" beginning in
column one, and leave rest of card blank.

For linear sorption model, write
"LINEAR" beginning in column one.

For Freundlich sorption model write
"FREUNDLICH" beginning in column one.

For Langmuir sorption model write
"LANGMUIR" beginning in column one.

CHij G1O.O Value of linear, Freundlich or

Langmuir distribution coefficient,
depending on sorption model chosen

as ADSMOD, I.  L/MGI.

CH12 G1O.0 Value of Freundlich or Langmuir
coefficient, depending on sorption
model chosen as ADSMOD.
Leave blank for linear sorption.
X). III for Freundlich.

IL/MS for Langmuir.

%-'.

238

- -- - - - - - -- - -' q.,....°



K DATASET 10: Solid Matrix Properties (one card)

Variable Format Description

COMPMA G1O.0 Solid matrix compressibility, c.1)'ac/4p.
K ~IM/( Lsq2 ) i-I

CS G10.0 Solid grain specific heat, cs. tE/(M-'C)i
(May be left blank for solute transport
simulation.)

*SIGMAS GlO.0 Solid grain dIffusivIty, as..
For energy transport represents thermal
conductivity of a solid grain. (E/(L'C-s)]
(May be left blank for solute transport
simulation.)

*RHOS G1O.0 Density of a solid grain, ps. LM/L3 )
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DATASET 9: Fluid Properties (one card)

Variable Format Description

COMPFL G10.0 Fluid compressibility, B(1/Q)(ao/Jp).
IM/(L.s 2 )1-1. Note, specific pressure
storativity is: Sop (1-c) + c8

CW G1O.0 Fluid specific heat. cw . IE/(M.vC)i
(May be left blank for solute transport
simulation.)

SIGMAW G1O.0 Fluid diffusivity. ow .
For energy transport represents fluid
thermal conductivity, IE/(L.UC-s)I.

For solute transport represents molecular
diffusivity of solute in pure fluid.

IL2/st.

RHOWO G1O.0 Density of fluid at base concentration or
temperature. IM/L 3 1.

URHOWO G10.0 Base value of solute concentration (as mass
fraction) or temperature of fluid at which
base fluid density. RHOWO is specified.

1Ms/MI or 1VCI.

fRWDU G10.0 Fluid coefficient of density change with
concentration (fraction) or temperature:
o - RHOW0 + DRWDU (U-URHOWO).

IM(L 3 Ms)( or IM/(L 3 . C)I

VISCO GIO.0 For solute transport: fluid viscosity, p,

IM/L-sI. For energy transport. this value

is a scale factor. It multiplies the vis-
cositv which is calculated internally in
units of Ikg/m'sI. VISCO may be used for
energy transport to convert units of

Ikg/m-s) to desired units of viscosity.
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DATASET 8: Iteration Controls (one card)

Variable Format Description

ITRMAX 110 Maximum number of iterations allowed per

time step to resolve non-linearitles.

Set to a value of +1 for non-iterative

solution. Non-iterative solution may

be used for saturated aquifers when density

variability of the fluid is small, or for

unsaturated aquifers when time steps are chosen

to be small

RPMAX G10.O Absolute iteration convergence criterion

for pressure solution. Pressure solution

has converged when largest pressure change

from the previous iteration's solution of

any node in mesh is less then RPMAX. May

be left blank for non-iterative solution.

RUMAX CIO.O Absolute iteration convergence criterion

for transport solution. Transport solution

has converged when largest concentration

on temperature change from the previous

iteration's solution of any node in mesh

is less than RUMAX. May be left blank

for non-iterative solution.

It
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DATASET 7: Output Controls and Options (one card)

Variable Format Des-c Kipt I _onL

NPRINT I5 Printed output is produced on time steps

numbered: n(NPRINT), as well as on first

and last time step.

KNODAL 15 A value of 0 cancels printout of node

coordinates, nodewise element thicknesses,
and nodewise porosities. Set to +1 for

full printout.

KELMNT I5 A value of 0 cancels printout of element-

wise permeabilities and elementwise dis-
persivities.
Set to +1 for full printout.

KINCID 15 A value of 0 cancels printout of node

incidences and pinch node incidences in

elements. Set to +1 for full printout. .

KPLOTP f5 Set to a value of +1 for contourable

printer plot of pressures at all nodes
in mesh. Set to 0 to cancel pressure

plot.

KPLOTU I5 Set to a value of +1 for contourable

printer plot of concentrations or
temperatures at all nodes in mesh.

Set to 0 to cancel plot.

KVEI, 15 Set to a value of +1 to calculate and 'a

print fluid velocities at element centrolds

each time printed output is produced. Note
that for non-steady state flow, velocities

are based on results and pressures of the

previous time step or iteration and not on
the newest values.

,4 Set to 0 to cancel option.

KBUD 15 Set to a value of +1 to calculate and print

a fluid mass budget and energy or solute

mass budget each time printed output is

produced.
A value of 0 cancels the option.
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DATASET 6: Temporal Control and Solution Cycling Data (one card)

Variable Format Description -,

ITMAX 15 Maximum allowed number of time steps in
simulation.

DELT G15.0 Duration of initial time step. Is)

ThAX G15.0 Maximum allowed simulation time. (s-
SUTRA time units are always in seconds.
Other time measures are related as follows:

[mini 60. Isl
[hJ 60. min) .-

Id) 24. Ihi
[week) 7. 1d]
tmol 30.4375 Idi
lyr] 365.250 Idl

ITCYC 110 Number of time steps in time step change
cycle. A new time step size is begun at
time steps numbered: 1+ n (ITCYC).

DTMULT G10.0 Multiplier for time step change cycle.
New time step size is: (DELT)(DTMIJLT).

DTMAX G15.0 Maximum allowed size of time step when using

time step multiplier. Time step size is not
allowed to increase above this value.

NPCYC 15 Number of time steps in pressure
solution cycle. Pressure is solved

on time steps numbered: n(NPCYC),
as well as on initial time step.

Either
NPCYC or

NIICYC 15 Number of time step in temperature/ NUCYC
concentration solution cycle, must be
Transport equation is solved on set to I.
time steps numbered: n(NUCYC) as
well as on initial time step.
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DATASET 5: Numerical Control Parameters (one card)

Variable Format Description

lip GO.0 Fractional upstream weight for
stabilization of oscillations in results
due to highly advective transport or
unsaturated flow. UP may be given
any value from 0.0 to +1.0. UP - 0.0
implies no upstream weighting (Galerkin
method). UP - 0.5 implies 50% upstream
weighting. UP - 1.0 implies full (100%)
upstream weighting. Recommended value
is zero.

Warning: upstream weighting increases the

local effective longitudinal dispersivity
of the simulation by approximately

(UP-(AL)/2) where AL is the local distance
between element sides along the direction
of flow. Note that the amount of this In-
crease varies from place to place depending
on flow direction and element size. Thus a
non-zero value for UP actually changes the
value of longitudinal dispersivity used by
the simulation, and also broadens otherwise
sharp saturation fronts.

GNU G15.0 Pressure boundary condition, 'conductance
A high value causes SUTRA simulated pressure
and specified pressure values at specified

pressure nodes to be equal in all signifi-
cant figures. A low value causes simulated

pressures to deviate significantly from
specified values. The ideal value of
GNU causes simulated and specified pres-
sures to match in the largest six or seven
significant figures only, and deviate in

the rest. Trial-and-error is required to
determine an ideal GNU value for a given
simulation by comparing specified pressures
with those calculated at the appropriate
nodes for different values of GNU. An
initial guess of 0.01 is suggested.
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DATASET 4: Simulation Mode Options (one card)

Variable Format Description

IUNSAT 15 Set to +1 to allow simulation of unsaturated and
saturated flow. Set to 0 to allow simulation of
only saturated flow. When unsaturated flow is
allowed (IUNSAT - 1) then the unsaturated flow

functions must be programmed by the user in
Subroutine UNSAT.

ISSFLO 15 Set to 0 for simulation with TRANSIENT
groundwater flow. Set to +1 for simulation
with STEADY-STATE groundwater flow. If

fluid density is to change with time, then

TRANSIENT flow must be selected.

ISSTRA 15 Set to 0 for simulation with TRANSIENT solute or

energy transport. Set to +1 for simulatior of
STEADY-STATE transport. Note that steady-state
transport requires a steady-state flow field.
So, if ISSTRA = +1, then, also set ISSFLO +1

IREAD 15 To read initial condition data (UNIT 55)

for cold start (first time step of a
simulation), set to +1. To read initial
condition data (UNIT 55) for simulation
restart (to read data which has previously
been stored by SUTRA on UNIT 66), set to -1.

ISTORE 15 To store results of most recently completed

time step on UNIT 66 for later use as initial
conditions on a restart, set to + I. To cancel
storage, set to 0. This option is recommended

as a backup for storage of results of intermediate
time steps during long simulations. Should the
execution halt unexpectedly, it may be restarted
with initial conditions consisting of results of

the last successfully completed time step stored

on UNIT 66.

2
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DATASET 16: Data for Printer Plot (Two or three cards when plot has been
requested by DATASET 7)

C) M I T when no plot Is requested

Variable Format Description

Card I: (always required when plot is requested)

IDIREC 15 Chooses plot direction:
Set to -1 for small plot which fits across
the output page.
Set to +1 for larger plot which is oriented
along the output page.

NIAINPI 15 Number of printer lines per inch.

NCHAPT I5 Number of printer characters per inch.

NCHAPL 15 Number of printer characters per output line.

The plotting routine prints three digits
of the nodal value to be plotted at the (x,y)
location of the node on a map of the mesh which

the routine constructs. The three digits are not
necessarily the first three digits of the value

to be plotted, but are always one digit to the
left and two digits to the right of the decimal
point. Thus, if the value to be plotted is
1234.967, then the digits 456, are printed
at the nodal location on the output.

Card ": (includp this card only when pressure plots are requested
in DATASET 7)

PBA,;E GI3.0 Value for scaling plotted pressures.

The pressure value to be plotted, PPLOT,
is calculated by SUTRA as

PPLOT = (true pressure pi/PBASE)
PBASF should be used to scale out powers of
tpn and to shift the scaled digits of Interest
to the position of the three plotted digits.
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Variable Format Description

Card 3: (inc lude t hi s card only when temperature or concent rat Ion
plots are requested in DATASET 7)

IIBASF G13.() Value for scaling plotted temperature
or roncentration values.

The value to be plotted PPO, -
calculated by SUITRA as:4

I'PL0T= (true valup lJi/UB~ASE). For
example, IJBASE may be set to one-tenth
of the highest source concentration in
the system; then fractional concentra-
tions relative to the highest concen-
tration are plotted with dipits ranging
from 000 to 999 which represents a rel-

ative- concentration of 1 .000) (-0.999).
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DATASET 18: Data for Energy or Solute Mass Sources and Sinks
(one card for each NSOU energy or
solute source nodes as specified in
DATASET 3, plus one blank card)

0M J T when there are no energy or solute source nodes

Variable Format Description

II 110U II Number of node to which source/sink data on this
card refers.
Specifying the node number with a negative
si p indicates to SUTRA that the source rate

varies in a specified manner with time. All
information regarding a time-dependent source
node must be programmed by the user in
Subroutine BCTIME. and a value should not be
included in this card.
Sources are allocated by cell as shown in Figure
7.2 for equal-sized elements. For unequal-sized

elements, sources are allocated in proportion to
the cell length, area or volume over which the
source energy or solute mass enters the system.

QU I NC G5.0 Source (or sink) which is a specified constant
value at node IQCU, ?IN- IE/sI for energy
transport, 1Ms/s[ for solute transport. A
positive value is a source to the aquifer. . -

Leave blank if IQCU is negative, and this value
is specified as time-dependent in Subroutine
BCT HME.

Last c-tr(]:

R 1. A N K C A R L Piace-d immediatel," followin' all NS(O
.nergy or solute mas-1s source node cards. -
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DATASET i: Data for Specified Pressure Nodes (one card for each of NPBC
specified pressure nodes as

indicated in DATASET 3. pls
one blank card)

0 M i I when there are no specified pressure nodes

Variable Format Description

Cards I to NPBC:

IPBC 15 Number of node to which specified pressure
data on this card refers.
Specifying the node number with a negative

si n indicates to SUTRA that the specified
pressure value or inflow concentration or
temperature at this node vary in a speci-
fied manner with time. Information re-
garding a time-dependent specified pressure
node must be programmed by the user in
Subroutine BCTIME, and should not be included
on this card.

PBC G20.0 Pressure value which is a specified con-
stant at node IPBC. IM/(L-s 2 )I

Leave blank if this value is specified as
time-dependent in Subroutine BCTIME.

o BC G20.0 Temperature or solute concentration of
any external fluid which enters the
aquifer at node IPBC. UIBC is a specified
constant value. K'CI or IMs/MI

Leave blank if this value is specified as
time-dependent in Subroutine BCTIME.

. Last card:

B L A N K. C A R D Placed immediately following all NPBC

specified pressure cards.
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DATASET 20: Data for Specified Concentration or Temperature Nodes
(one card for each of NUBC
specified concentration or

temperature nodes indicated in
DATASET 3, plus one blank
card)

0 M I T when there are no specified concentration or temperature nodes

Variable Format Description

Cards I to_ NIJBC:

IIBC I5 Number of node to which specified concentration
or temperature data on this card refers.

Specifying the node number with a neative
sijp indicates to SUTRA that the specified
value at this node varies in a specified

manner with time. This time-dependence must
be piogr.a!med by the user in Subroutine
BCTIML, and a value should not be included on .-
this card.

IUBC G20.0 Temperature or solute concentration value

which In a specified constant at node IUBC.

1,C1 or 1MS/MJ
Leave blank if TUBC is negative and this value
is specified as time-dependent in Subroutine
BCTIME.

last card: - -"

B L. A N K C A R D Placed immediately following all NUBC
specified temperature or concentration cards.

A
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DATASET 21: Observation Node Data (one card plus one card for each
(NOBS+16)/16 (integer arithmetic)

observation nodes as specified in

DATASET 3)

O M I T when there are no observation nodes

Variable Format Description

Card 1:

NOBCYC 110 Observations of pressure and temp-

erature or concentration will be
made at all observation nodes
specified below every NOBCYC time
steps.

Cards 2 to (NOBS+16)/16

INOB 1615 Node numbers of observation nodes.

(Sixteen nodes per card.)
Enter a value of zero as an extra
observation node number following
the last real observation node in

order to indicate to SUTRA that
there are no more observation nodes.

This will require one extra card if
there is an exact multiple of 16
observation nodes.

2 7 1

S-_ ,1
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DATASET 22: Element Incidence and Pinch Node Data (one or two cards for
each of NE elements)

Variable Format Description .

Card A:- (always required for each element)

LL 16 Number of element to which data on this card
(and the optional next card) refers.
If pinch nodes exist in element LL, then the -*
element number must be specified with a
minus si gn.

NODE INCIDENCE LIST

IINCI) 1b Number of node I List of corner node

numbers in element LL,

IIN(2) 16 Number of node 2 beginning at any node,
but taken in an order

IIN(3) 16 Number of node 3 counterclockwise about
the element.

ILN(4) 16 Number of node 4

Card B: (OPTIONAL) - is required immediately following Card A
only when LL is negative, 0 M I T when LL
is positive)

PINCH-NODE INCIDENCE IST

IFDGE(I) 16 Node number of IIN(I) and IIN(2)

IEIX;F(2) 16 pinch node at IIN(2) and IIN(3)

IED(;E(3) 16 mid-point of I1N(3) and ITN(4) -.

IEDGE(4) 16 edge between TIN(4) and IINI),

nodes:

A blank in the list of pinch node
numbers indicates that no pinch node exists

on that particular edge element L.1..

End of Input Data List for UNIT 5 j
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List of Input Data for UNIT 55

Model Series: SUTRA a
Model Version: V1284-2D

The data in UNIT 55 need be created by the user only for Cold-Starts of SUTRA a
simulation (i.e.: for the first time step of a given simulation).

The Restart options are controlled by IREAD and ISTORE in DATASET 4 of UNIT 5
data. SUTRA will optionally store final results of a simulation in a form
directly useable as UNIT 55 for later restarts.

Il

DATASET I: Simulation Starting Time (one card)

Variable Format Description

TSTART G20.0 Elapsed time at which the initial conditions

for simulation specified in UNIT 55 are ;
given. Is)
This sets the simulation clock starting
time. Usually set to a value of zero for

Cold-Start.

I K272
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DATASET 2: Initial Pressure Values at Nodes

Requires (NN + 3)/4 cards. (Done by integer arithmetic.)

-S-O

Variable Format Description"

PVEC(lI) 4G20.O Initial (starting) pressure values at time,
TSTART, at each of NN nodes. {M/(L.s2)1

Four values per card, in exact order of node .
numbers. These values are arbitrary and may be
left blank if the steady-state flow option in

DATASET 4 of UNIT S has been chosen. Initial
hydrostatic or natural pressures in a cross-
section may be obtained by running a single
steady-flow time step with the store option.

Then the natural pressures are calculated and
stored on UNIT 66, and may be copied to the Cold- "
Start UNIT 55 file without change in format, as

initial conditions for a transient run.

0

0
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DATASET 3: Initial Temperature or Concentration Values at Nodes

Requires (NN+3)/4 cards. (Done by integer arithmetic.)

Variable Format Descrjption

UVEC( I) 4G20.O Initial (starting) temperature or solute
concentration (mass fraction) values at
time, TSTART, at each of NN nodes.

IC or IM./MI
Four values per card, in exac-t order of

node numbers.

End of Input Data List for UNIT 55
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Appendix A

Nomenclature

Generic Units

l unity- implies dimensionless or [L.-

[El energy units or {M-L 2 /s2 ]

[L) length units

[ L? }fluid volume

L solid grain volume

(M] fluid mass units

[MCI solid grain mass units

[MsJ solute mass units

Units

[LCJ degrees Celcius

(cm] centimeters

[di days

Sgr) ]grams

[h] hours

[JI Joules or [k -m2/s2
9

[kgl kilograms mass

[Ibm] pounds mass

[m] meters

[min] minutes

mol months

tSl seconds
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Special Notation

ay dT

ator dt time derivative f !

x -iv + v + k v vector v with components in- -- X y --
- i, J, and k directions

a 3!a a!
ay + iy + k -7 gradient of scale ! -M

av av av
Vv + y + Z divergence of vector v

i - 1,NN = 1,2,3,4,. ,NN index i takes on all integerp values between one and NN

1!1 absolute value of scalar .

iY1 magnitude of vector v

or4 " approximate or discretized value
of .

AT discrete change in value of 7
(e.g : AT - 7I - !2)

Vo initial condition or zeroth -
value of -

TBC value of T as specified at a
boundary condition node

Vi or V value of T at node or cell

Ior j

VINvalue of V in inflow
INh

KG value of V at the KG Gauss
point

TL value of T in element L

v value of a vector v along
a stream line

vx  value of a vector v in x
direction

v value of a vector v in y
y direction
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v value of a vector v in the
direction

v value of a vector v in the r"
direction

value of T in element L

nvalue of ' at time step n

IF+l 
value of T at time step n+l

'(n+l)*

value of ' evaluated at
previous time step on first
iteration, and at most recent
iteration on subsequent
iterations

,proj value of ' projected from

previous time steps on first

iteration

consistently evaluated velocity

Og consistently evaluated density-
gravity term

NN E i +  2+ T3 +  
" + 7N summation".

~ 1 1 2 3 NNsumto

0
3reek Lowercase

a (2.17) [M/(L's ) -  Porous matrix compressibility

0L(xy,t) (2.40b) (L] Longitudinal dispersivity of
(2.41) solid matrix

o (X,y) (2.42b) ILI Longitudinal dispersivity inLmax
the maximum permeability
direction, x -

Lmin (X,y) (2.42b) [L) Longitudinal dispersivity in
the minimum permeability

direction, xm

UT (xy) (2.40b) [Li Transverse dispersivity of
solid matrix

(2.15) [M/(Ls2) -  Fluid compressibility

Y (x.y,t) (2.25) IE/M s Energy source in solid
0C

grains
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2 (237b) [(M /M)/sI Zero-order adsorbate mass

w0 S production rate

Y(x~yqt) (2.25) [E/M-sJ Energy source in fluid

w

YO(2.37b) I(M s/M)/sJ Zero-order solute mass
production rate

5 -
Y(2.37b) I s I First-order mass production

ii rate of adsorbate
w -

Y(2.37b) (s jFirst order mass production
rate of solute

6.. (4.65a) Kronecker delta

U (x,v,t) (2.6) Porosity

(4.3) n~ local coordinate

* CC(2.32b) [M/M0  First general sorption
coefficient

* CCs (2.32b) [M/M 0.sJ Second general sorption
coefficient

r(G,G) (2.32b) IM /M * s) Third general sorption
coefficient

)k(x,y,t) (2.25) tE/(S'L-"C)) Bulk thermal conductivity
of solid matrix plus fluid

X (2.26) [E/(s.L.'C)) Solid thermal conductivity
S (about X - 0.6 (J/(s-m.'C)J

at 2O0C)s

(2.26) (E/(s.L--C)l Fluid thermal conductivity
W(about X 0.6 tJ/(s-m-C)j

at 20 0 C

IA(2.5),(2.6) Fluid viscosity

(4.51) Pressure-based conductance
for specified pressure in.
cell i

V v (4.38) Conductance for specified
pressure nodes
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C (4.1) C local coordinate

3
P (2.4) 1/LIBase fluid density atoCGC or T1T::

0 0

3
p(x,y.t) (2.1) IM/L I Fluid density

f
3 3

(2.24) IMG ILG Density of solid grains
(2.30) in solid matrix

o' (2.17) IMI(L-s 2 )1 Integranular stress

(2.47) Diffusion in solid phase in
unified transport equation

o (2.47) Diffusion in fluid phase in
unified transport equation

O(x.v) (2.21a) I I Angle from +x-coordinate
axis to direction of
maximum permeability, x _

$kv(X,Y.t) (2.42b) I I Angle from maximum permea-
bility direction, x to

local flow directioR, (v/fvj)

(3.4) Symmetric bi-linear basis
function in global coordinates S
at node i

3
(2.34b) IL /MG! Linear distribution

coefficient

3
(2.35b) IL fIMGI A Freundlich distribution B

coefficient
3

(2.36b) ILf/MG I A Langmuir distribution
coefficient

3
(2.36b) ILf /M I Langmuir coefficient

(2.35b) II Freundlich coefficient

TIN (4.75) Energy source IE/sI or
solute mass source IM IM.sl
at node i

o

4. (4.75) Sink of energy or solute
t mass at node i

(4.43) Asymmetric weighting
function in global
coordinates at node i
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-* Greek Uppercasei2
(3.20) External boundary of

simulated region

F (x,yt) (2 30) IM /MGsi Adsorbate mass source (per
unit solid matrix mass)
due to production
reactions within adsorbed
material itself

F (x,y,t) (2.30) IM /M sI Solute mass source in fluid
(per unit fluid mass) due to
production reactions

'At (7.1) IsI Length of time step

ALL (7.4) Distance between sides of
element L along stream line

ALT  (7.5) Distance between sides of
element L perpendicular to

stream line

At (3.33) Time step nn

Atn+ (3.29) Time step n+" " .- '.

H (4.3) One-dimensional basis
function in n direction

H (4.3) One-dimensional basis
function in n direction

I 'A
H (4.18) Asymmetric portion of nweighting function

e. (4.13) Asymmetric weighting1
function at node i

+ (4.2) One-dimensional basis -.

function in & direction

(4.1) One-dimensional basis
function in E direction

(4.17) Asymmetric portion of ]S

weighting function .
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3
T(x3yt) (2.22) IM/(L s) Solute mass source (e.g.,

dissolution of solid
matrix or desoprtion)

Q (4.8) Bi-linear symmetric basis

function at node i

Roman Lowercase

a (4.23) Asymmetric weighting
function coefficient

3
c(xvt) (2.1) (M /L P Solute volumetric concen-

tration (mass solute per -..-

volume total fluid)

cs (2.27b) (E/(M G'C)l Solid grain specific heat
(about c - 8.4 X 10 (J/(kg.'C"
for sandstone at 20'C)

cw (2.25) [E/(M.C)J Specific heat o water (about

c - 4.182 X 10 [J/(kg.°C)j
at 20-C

2
d (x,y,t) (2.3 9c) [L Is) Longitudinal dispersion
L coefficient

2
d T(xv,t) (2.39c) L 2Is] Transverse dispersion

coefficient

det J (4.30) Determinant of Jacobian
matrix

e (2.24) tE/MG1 Energy per unit mass solids G-
matrix

e (2.24) MM Energy per unit mass water

f(x,y.t) (2.30) M sI(L 3s)] Volumetric adsorbate source
(gain of adsorbed species by
transfer from fluid per unit
from fluid per unit total
volume)

f (x,y.t) (2.32a) [M /MG .S Specific solute mass

s adsorption rate (per unit

mass solid matrix) %

2(2.19b) JL/s I Gravitational acceleration
(gravity vector)
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h(x,y,t) (2.20) ILI Hydraulic head (sum of
(3.1) pressure head and

elevation head)
9

k(x,v) (2.19a) L- Solid matrix permeability -

k (x.,y)( (2.21a) L- Absolute maximum value of
max permeability

9

k (xv) (2.21a) IL2 Absolute minimum value of
min permeability

k (xvt) (2.19) Ill Relative permeability LO

r fluid flow (assumed to be

independent of direction).

p(x,V,t) (2-.1) IM/(Ls-)I Fluid pressure
9

P (x,v,t) (2.7) IM/(L-s-) Capillary pressure

2
Pcent (2.7) IM/(L-s )I Entry capillary pressure

PBC. (4.38) Specified pressure value -
I at node i

(4.44) Fluid mass flux in across
1 boundary at node i

qOUT. (4.44) Fluid mass flux out across -
1 boundary node i

r (6.3a) Parameter in analytical
solution for radial
transport

s L (4.84) Left side coefficient
contribution of sorption
isotherm to U equation

R 4.84) Right side contribution of

isotherm to U equation

t (3.4) Time

v(xyt) (2-39c) IL/sI Magnitude of velocity v

.(x,yt) (2.19a) IL/sj Average fluid velocity

v (2.49) IL/sI Net solid matrix velocity
-s

v(X.,t) (2.39c) IL/si Magnitude of x-component of v

S(x.V.,t) (2. 39-) IL/sT Magnitude of y-component of v
V



x IL x coordinate

x Minor principal direction
m

Major principal direction
p

ILI y coordinate

Roman Uppercase

A (6.3b) Factor in analytical
solution for radial
transport

AF. (4.53) Matrix coefficient of
1 pressure time derivative

AT. (4.86) Matrix coefficient of U
1 time derivative

B(x.v,t) (3.2) ILI Aquifer thickness

BASE(x,v) (3.2) ILI Elevation of aquifer base

for example problem

BF.. (4.55) Matrix coefficient in
1] pressure equation

BT.. (4.88) Matrix coefficient in U

11 equation

C (2.4) IM /MI Base fluid solute

o s concentration

SS
C(XV,t) (2.1) IM /MI Fluid solute mass fraction

(or solute concentration)
(mass solute per mass

total fluid)

C (x.y,t) (2.30) IM /MGI Specific concentration of .
s s G adsorbate on solid grains

(mass adsorbatei(mass
solid grains plus
adsorbate))

C (xv.t) (2.30) IM /MI Solute concentration of •

fluid sources (mass
fraction))

CF. (4.54) Matrix coefficient of U
time derivative in
pressure equation
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C SJBR)JTINE S J T R A SUTRA - VERSION 1284-20 810 .....

IF(NS3P-I.GT.O.OR.NSOJ-I•OT•O) B010 .... _..

1 CALL SOURCE(* INUIN,I SOPfQUIN,IQSOUIQSOPTIQSOUT) Bo20 ....
C 5630 ....
C ..... INPUT SPECIFIED P AND U BOUNDARY CONDITIONS (DATASETS 19 AND 20) 8640 ....

IF(NS N-1.GT.0) CALL 3OUND(IP3C,P3C,IUBC,UBCIPBCTIUSCT) Bo50 ....
B660 ....

C ..... SET 'LAG FOR TIME-DEPENDENT SOURCES OR BOUNDARY CONDITIONS. 8670 ....
C WHEN IBCT=+4p, THERE ARE NO TIME-DEPENDENT SPECIFICATIONS. 8680 ....

ICT=IQSOPT+IQSOUT+IP3CT+IUBCT B690 ....
B700 ....

C ..... INPUT OBSERVATION NODE DATA (JATASET 21) 8710 ....
IF(NO3SN-I.GT.0) :ALL OBSERV(0,IOBS,ITOBSPOSS,UOBS,OBSTIM, 8720 ....

1 PVECUVECISTO') 8730 ....
C 5740 ....
C ..... INPUT MESH CONNECTION DATA (DATASET 22) 8750 ....

CALL CONNEC(INIPINCH) 8760 ....
C B770 ....
C ..... CALCJLATE AND CHECK BAND WIDTH 8780 ....

CALL BANWID(IN) B790 ....
C 8800 ....
C ..... CHECK THAT PINCH NODES HAVE NO SOURCES OR BOUNDARY CONDITIONS 8810 ....

IF(NOINCH-..T.0) CALL NCHECK(IPINCHIQSOPIQSOUIPBCIUBC) 5820 ....
c 8830 ....

C ..... INPUT INITIAL OR RESTART CONDITIONS AND INITIALIZE PARAMETERS B840 ....
C (READ UNIT-55 DATA) 8850 ....

CALL INDAT2(PVECUVECPM1,UM1,UM2,CS1,CS2,CS3,SLSRRCITSWDSWDPB860 ....

1 PBC,IPBCIPBCT) 8870 ....
C 5880 ....
C ......SET STARTING TIME OF SIMULATION CLOCK 8890 ....
C TSEC=TSTART 8900 ....

TSECPO=TSEC B910 ....
TSECJO=TSEC 8920 ....
TMIN=TSEC/60. DO 8930 ....
THOUR=TMIN/6).D0 8940 ....
TDAY=THOUR/24.D0 8950 .... --

TWEEK=TDAY/7. O B960 ....
TMONTM=TOAY/30.437500 B970 ....
TYEAR=TDAYI365.25J0 B980....

8990....
C ..... OUTPUT INITIAL CONDITIONS OR STARTIN3 CONDITIONS 51000....

IF(ISSTRA.NE.1) CALL PRISOL(OOO,PVECUVECVMAGVANSSW) 81010...

81020...
C ..... SET SWITCmES AND PARAMETERS FOR SOLUTION wITH STEADY-STATE FLOW B1030...

IF(ISSrLO.NE.1) GOTO 1000 81040...
ML=I 51050 ...
NOUMAT:O B160... '
ISSFLO=2 B1070...
ITER=J B1380...
DLTP1 =DELTP 51090 ...
OLTUMI=DELTu B1100...
80ELP=O.00 31110...
3DELJ=0.000 B1120...
3TJ 11CO B1130...

81140...
81150...

•************************************************************************160...-'

.tl TIME STED *******h*****************B170 .. ...... ***b**TIME*hT*******************************************************180.... L

1)fl IT=:Tl 81180. . .

ITER=j 51200...
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S~j3R~jTINE S J T R A SuTRA -VERSION 128-.-20 310 .....

SjBRDUTINE-- S JT R A SuTRA -VERSION 1234-20 B10 .....
C 320 .. ...

DuRP)SE 830 .. ...
O* MAIN CONTROL ROUTINE FOR SUTRA SIMULATION. 840 ....
-**JRCGANIZES DATA I'4PUTP INITIALIZATION, CALCULATIONS FOR 850 ..

E* AO-I TjIME STEP AND ITERATIONf AND VARIOUS OUTPUTS. 360O..
C~ CA L LSMOST OTHER SUBROUTINES. 873 ..

C 880 . ..
SJ3R)UTINE SJTRAC PMATI'UMATP 393 ..

1 PITERUITE-R,P41 ,UM1 ,UM2,PVEL,*SLSRf 8100 ....
2 XoY,THI'CK,VDL,'OR,:Sl,S2,S3,SDSWDP,RHOSOP, 3110 ....
3 tNUIN,Q:jINPVECJVECRCITRCITM1,CC,XX,,YY. B120..

4 AL4AX,ALMIN,ATAVG,VMAGoVAN;, 3130 ....
5 P RXXPERMXY,aERMYX, PERMYY,PANGLE, 3140 ....

6 P3C,U8CQOLITRP08S,UOBS.08STIMi,GXSIGETA, 3150. ...
7 INIPINCt,IQSOP,IQSOU,IPBCIUSCINDEX,IO8S,ITOBS B 8160 ....
IMPLICIT DOUBLE PRECISION (A--4,0-Z) B170 ....
CrARACTER*1 0 ADSM3D 8180 ....
COMMON/MOOSOR/ AOSMOO 8190 ....
COMMON/OIMS/ NNNE,NINNB1,NB,NBPIALF,NPINCMNPBC,NUBC, 8200 ....

1 NSOP.,NSOUPNBCN 8210 ....
COMMON/TIME/ DELT,TSE',TMIN,THOR,TAYTWEEK'TMONTHTYEAR, 8220....'

1 TMAXDELTP,DELTU,DLTPM1 ,DLTUM1,ITITMAX 8230 ....
COMMON/CONTRLI GNU~UP,DTMULT,3TMAX,ME,ISSFLOISSTRA,ITCYC, B240 ....

1 NPCYCNUCYC,NPRINT,IREAD, ISTORE,NOUMAT,IUNSAT 8250 ....
COMMON/PARAMS/ C04PFLCOMP#4ADRWOJCidjCS,RHSECAYSIGMAW,SIGMASB260 ....

1 R-13w0,uRi12.~0vISCOPPRO3F1 ,PRODSlPRODFJ,PRODSO,CHIICHI2 8270 ....
COMMONITERATI RP4,RP4AX.RUM,RUI4AXITERITRMAA,IPWORSIUWORS 8230 .... 6
COMMON/KPRINT/ KNODALKELMNTKINCIDoKPLOTP,KPLOTU,KVELKBU0G 8290 ....
COMMON/OBS/ N03SNPNT03SN,'I08CYC, ITCNT 8300 ....
DIMENSION OIN(NN),UINCNN),IQSDP(NSOP),QUIN(NN) ,IQSOU(NSOU) 8310 ....
DIMENSION IP3C(N8:N),PBC(NBCN),IUBC(NBCN),UBC(NBCN),QPLITR(NBCN) B320 ....
DIMENSION IN(NIN) ,IPI4CH(NPINCM,3) 5330 ....
DIMENSION X(NN) ,Y (NN),THI:K(NN)oSWCNN),DSW0P(NN),RH0(NN),SOP(NN), 8340 ....

1 P3R(NN) ,PVEL CNN) B350 .. .. -

DIMENSION PERMXX(NiE),PERMXYCNE),PERMYX(NE),PERMYY(NE),PANGLE(NE), 8360 ....
1 ALMAX(NE),ALM1N(NE),ATAVG(NE),VMACNE),VAN ,(NE), 8370 ....
2 GXSI (NE,4) ,GETA(NEP4) 8380 ....
DIME4SION VOL (NN)oPMAT(NNNBI).PVEC(NN),jMAT(NNN8I) ,UVEC(NN) 8390 ....
DIMENSION PMI(NN),UM1 (NN),UM2(NN),PITER(NN),UITER(NN), B400 ....

1 R:IT(NN).RCITM1(NN),CSI(NN),CS2(NN),CS3(NN) 3410. .. .
DIMENSION CC(NN),INOEX CNN) #XX(NN) ,YY CNN) 8420 ....
DIMENSION PO3SCNO3SNNTOBSN),JOBS(NOBSN,'NTOBSN),OBSTIM(NTO3SN), 8430 ....

1 i)35 (NO5SN) ,ITD8SCNTO3SN) 8440 ....
34TA IT/O/ 8450. .. .

5460. .. .
8470. .. .
8480 ....

. .. INPUT SIMUJLATION DATA FROMi UNIT -5 COATASETS 3 THiROUGH 15B) B490 ....
CALL INDAT1(X,YTI1ICK,P0RALMAXeALMIN,ATAVGPERMXX,PERMXY, 9500 ....

1 PERMYXoPER'lYY,-ANGLE, SOP) 8510 ....
B 520 ... .

. LOT 4ESH1 (INPUT DATASET 16) 8530. .. .
IFC(PLOTP+KPL.DTU.?,T.0) CALL PLOT(D,1 ,X,Y,LCINDEX,XX,YYoPVEC) 8540 ....

8550 ... .
. .. INPUT FLUID MASS, AND ENERGY DR SOLUTE MASS SOURCES 8560 ....

(DATASETS 17 AID 13) 8570. .. .
:ALL ZERO C0I4,4NND.O) 8580 ....
AL. LEROCUI'4,NNv0.003) 8590 ....

CALL ZERO (QU IN,NNPO. 000) 8600...

310(



C SUTRA M A 1 N P R 0 G R A MI SUTRA-VERSION 1284-2D A10 ..

9 RV(KRV(41)),RV(KRV(42)),RV(KRV(43)) .RV(KRV(44) )RV(KRV(45) ), A3610..
* RV(KRV(4o) ),RV(KRV(47) ) RV(KRV(48) )# A3520.

1 INIV(KIMV1 ),IMV(KIMV2),ZMV((IMV3),IMV(K.IMV4),IMV((IMV5), A3630.
2 IMiV(KIMV6),IMV(KIMV7),IMV(KIMV8),IMV(KIMV9) )A3640..

c A3650..
c A3660..

ENOFILE (6) A3670..
STOP A3680..
END A 3 69 0
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S T -1M A 1 N R 0 5 R A I SL.JTRA-VRSIUN l14-.eD AD...

Nv E1VI A3010 .. .

A3020 . .

SA3040...

4T1 = M 2 + 1 A3050 ...
12V=m2+ NNV A3060...
3 43,= j1m1M2 A3370..

4J3 KRV(J)=KRV(J-1 ) NN A3080...
Ni =m2+1 A3090...

2=M2 NEV ) A3100...
03 013 J=M,Ni2 A31 10 .. .

410 KRV(J)=KRV(J-1) NE A3120 ...
l=M2+1 A3130. .-.
N=M2 ( 3 ) A3140 ...
90 420 J=M1,M2 A31 50 ...

420 KRV(J)=KRV(J-1)+ NBC A3160...
Ml=M2+1 A31 70... .

M2=M2 ( 2 ) A31 80...
D0 430 J=M1,M2 A3190...

430 KRV(J)=KRV(J-I)+ MATBS A3200...
42=M2+ c 1 ) A3210...
KRV(Ni2)=KRV(Ni2-1)+NTO3SN A3220 ...
Ml =M2+1 A3230 ...
42=M2+ ( 2 ) A3240...
00 440 J=M1,2 A3250...

440 KRV(J)=KRV(J-I)+ NE4 A3260...
C NOTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KRV(J=49), A3270...
C MAY N E V E R BE PASSED TO SUTRA. IT POINTS TO THE A3280 .... _

STARINGELEMENT OF THE NEXT NEW REAL VECTOR TO B DE. A20.

PRESENTLY, SPACE IS ALLOCATED FOR (48) VECTORS. A3300..
= A331 0...

C ..... SET JP POINTERS FOR INTEGER VECTORS A3330..:
~ M1 =M ( )A3340...
DO =1,2 A3350...
MKRV2=KIMV1 ) NIN A3360...
jNmv3KIMV2+ NPINCI*3 A3370...

KIMV4KIMV34 NSOP A3380...
KIMV5=KIMV4* NSOU A3390 ...
KIMV6KIIV5 NaCN A3400...
KIMV7=KIMV6+ N8CN A3410... S
KIMV=KIMV7 N1O A3420...
KIMV?=KIMVB+ NBSN A3430...

c (!vIO=KIMV9+ NTOBSN A3440...
C NOTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KIMV10, A3450...
C MAY N E V E R BE PASSED TO SUTRA. IT POINTS TO THE A3460...
C STARTING ELEMENT OF THE NEXT NEW INTEGER VECTOR TO BE ADDEO.A3470...
C PRESENTLY, SPACI IS ALLOCATED FOR (8) INTEGER VECTORS. A3480...

A3490 ...
c A3500 ...
C...... 'ASS POINTERS TO 4AIN CONTROL ROUTINE, SUTRA A3510...

CALL SUTRA( RM(KRN1),RM(KRM2), A3520 ...
I RV(KRV(1) ),PV( RV(2)),RV(KRV(3)),RV(KRV(4)),RV(KRV(5)), A3530...

2 RV(KRV(6)),RV(KRV(?)),RV((RV(8)),PV(KRV(9)),RV(KRV(1O)), A3540...

3 RV(KRV(11)),RV(KRV(12)),RV(KRV(13)),RV(KRV(14)),RV(KRV(15)), A3550... -

t RV(KRV(I6)),RV(KRV(17)),RV(KRV(18)),RV(KRV(19)),RV(KRV(20)), A3560...
5 RV(KRV(21)),RV{KRV(22)),RV(KRV(23)),RV(KRV(24)),RV(KRV(25)), A3570... '
0 RV(KRV(26)),RV(KRV(27)),RV(KRV(28)),RV(KRV(29)),RV(KRV(30)), A3580...

7 RV(KRV(31)),RV(KRV(32)),RV(KRV(33)),RV(KRV(34)),RV(KRV(35)), A3590...
8 RV(KRV(3)),RV(KRV(37)),RV(KRV(38)),RV(KRV(39)),PRV(KRV(40)), A3600...
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C SUTRA M A I N P R 0 G R A 4 SUTRA-VERSION 1284-20 A1 .....

9 '=JNCTION O TIME'//11XPISX,'EXACT NUMBER OF NODES AT', A2410...

W HICH FLUID INFLOW OR OUTFLOW IS A SPECIFIED CONSTANT', A2420 .....
A OR FUNCTION OF TIME'/11XpIBX,'EXACT NUMBER OF NODES AT', A2430...
B WHICH A SOURCE OR SINK OF SOLUTE MASS IS A SPECIFIED ', A2440...
C 'CONSTANT OR FJNCTION OF TIME'//11X,I6,5X,'EXACT NuMBER OF ', A2450...
O 'NODES AT WHICH PRESSURE AND CONCENTRATION WILL BE OBSERVED', A24o0 ...
E /11X,Ib,5X,'MAXIMU4 NUMBER OF TIME STEPS ON wHICH ', A2470...
F 'OBSERVATIONS WILL BE MADE') A2480...

C A2490.. ..
IF(ME.E .+I) A2500...

1 WRITE(6,255) NN,NENBI,NPINCHNPBC,NUBCNSOP,NSOU,NOBS,NTOBS A2510...
255 FORMAT(//I/11XPS I M U L A T I 0 N C 0 N T R 0 L , A2520...

1 '4 U M B E R S'//11X,I6,BX,'NUMBER OF NODES IN FINITE-', A2530...
2 'ELEMENT MESH'/11X,I6,5X,'NUMBER OF ELEMENTS IN MESH'/ A2540...
3 11X,16,5X,'ESTIMATED MAXIMUM FULL BAND WIDTH FOR MESH'// A2550...
4 11X,16,5X,'EXA:T NJMBER OF PINCH NODES IN MESH'// A2560...
5 11X,16,5X,'EXAZT NJMBER OF NODES IN MESH AT WHICH ', A2570...
6 'PRESSURE IS A SPECIFIED CONSTANT OR FUNCTION OF TIME'/ A2580...
7 11X,16,5X,'EXACT NJMBER OF NODES IN MESH AT WHICH ', A2590...
8 'TEMPERATURE IS A SPECIFIED CONSTANT OR ', A2600...
9 'FUNCTION OF TIME'//11X,I6,5X,'EXACT NUMBER OF NODES AT', A2610...

W 4HICH FLUID INFLOW OR OUTFLOW IS A SPECIFIED CONSTANT', A2620...
A ' OR FUNCTION OF TIME'/11X,16,5X,'EXACT NUMBER OF NODES AT', A2630...

B W 1 HICH A SOURCE OR SINK OF ENERGY IS A SPECIFIED CONSTANT', A2640...
C " OR FUNCTION OF TIME'//11X,16,5X,'EXACT NJMBER OF NODES ', A2650...
O 'AT WHICH PRESSURE AND TEMPERATURE WILL BE OBSERVED' A2660...
E /11X,I6,5X,'MAXIMUM NUMBER OF TIME STEPS ON WHICH ', A2670...
F 'OBSERVATIONS WILL BE MADE') A2680...

- A2690 ...

C A2700 ...
C ..... CALCJLATE DIMENSIONS =OR POINTERS A2710...
C A2720...

NBCN=NPBC+NUBC*1 A2730...
NSOP=NSOP I A2740...
NSOu=NSOU+1 A2750. ..
NPIN:H=NPINCI+ A2760.. .
MATDIM=NN*NBI A2770. ..
NIN=NE*8 A2780 ...
NO8SN=NOBS*1 A2790. ..
NTOBSN=NTOBS 2 A2800 ...
MATOBS=NOBSN*NTOBSN A2810...
NE4=NE*4 A2820...

C A2B30...
C A2840...
C ..... SET 3 POINTERS 9OR REAL MATRICES A2850...
C A28oO .. ..

KRM1 =1 A2 870 ... •
KRM2=RM1+ MATOIM A2B80...
K KRM3=KRM2 MATDIM A2390...

C NOTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KRM3, A2900 ...
MAY N E V E R BE PASSED T3 SUTRA. IT POINTS TO TIE A2910. . .
STARTIN. ELEMENT OF THE NEXT NEw MATRIX TO BE ADDED. A2920. .
PRESENTLY, SPACE IS ALLOCATED FOR (2) MATRICES. A2930...

A240 4.. .
C ~~A2950...m

. ..... SET JP POINTERS rOR REAL VECTORS A2960...
C A2970 ...
- W'V IS N JMBER OF REAL VECTORS ThAT ARE NN LJNC, A2S0 ..

REAL A.2960...

N 'EV IS NUMB;E OF RE-L VECTORS TmAT Q E LON 4300 ...

307



N777.~~ -7- 1.7 ,7 %

.. S 'RA-) .Z ) , . l SdY-2-V411 . . . . .

.... INPT DATASET 2: OUTPUT iEADING AI8O ... .

REAJ(5,l7O) TITLE1,TITLE2 A1320...

170 rORMAT(80A1/8J3A) A1830...

aRITE(6,183) TITL1TITLE2 A1 840.
163 PORMAT(//// l , 31(1 i-)//2:oXBJA11/26X,SDA1//1X,131(lH-)) A1350 ... "

R A(,o200) NN,NE,N I,NPINCH, NPC,NU C,NSOP,NSOU,NOBS,NT06S A1 360...

READ(5,20O) IJNSAT,ISSFLO,ISSTRA4,IREAD,ISTORE AI 570..

203 COR- 43T(1615) A1 30...

wRJITE(6,205) A1 890...

2 5 =JRMT(/////lI ,'X, I 51 U L A T 1 0 N M 0 0 E A1900. .

1 "0 P T I 0 N S'/) A1910 ..

I:(ISSTRA.EQ.l .ANO.ISSFLO.NE.l) TIEN A1920...

4RITECO,210) A1 930...

212 FORIAT(///llX,'STEADY-STATE TRANSPORT ALSO REQUIRES THAT ", A1940...

1 'FLOW IS AT STEADY STATE.'//11X,'PLEASE CORRECT ISSFLO , A1950...

2 'AND ISSTRA IN THE INPUT 3ATA, AND RERUN.'//////// A1960...

3 45X'S 1 M U A T 1 0 N H A L T E 0 DUE TO INPUT ERROR') A1970...

ENOILE 1) Al 980...

STOP 99

ENDIF A2000...

IF(IJNSAT.EQ. I) oRITE(6,2l5) A2010...

IF(IJNSAT.EQ.O) WRITE(6,2l6) A2020...

215 FORMAT(1IX,'- ALLOW UNSATjRATED AND SATURATED FLOW: UNSATURATEO',A2030...

1 " PROPERTIES ARE USER-PROGRAMMED IN SUBROUTINE U N S A T') A2040..

216 FORMAT(1lx,'- ASSJME SATURATED FLOW ONLY') A2050...

IF(ISSFLO.EQ.+1 .AND.ME.E .-1 ) WRITE(6,219) A2060...

IF(ISSFLO.EQ. I.AND.ME.EQ. I) WRITE(6,220) A2970.

IF(ISSFLO.EQ.0) WRITE(6,221) A2080..

)19 FORMAT()1X,
° - ASSJME STEADY-STATE FLOW FIELD CONSISTENT WITH ', A2090 ...

1 'INITIAL :ONCENTRAtION CON)ITIONS') A2100.

220 FORMAT(11X,'- ASSJME STEADY-STATE FLOW FIELD CONSISTENT WITH , A2110...

1 'INITIAL TEMPERATJRE CONDITIONS') A2120..

221 =ORMAT(11X,'- ALLOW TIME-)EPE4OENT FLOW FIELD') A2130 ...

IF(ISSTRA.EQ. I) WRITE(6,225) A2140..

IF(ISSTRA.EQ.O) WRITE(6,226) A2150..

225 PORMAT(1X,'
- ASSjME STEA)Y-STATE TRANSPORT') A2160...

226 FORMAT()Ix,'
" ALLOW TIPIE-DEPENDENT TRANSPORT') A2170...

IF(IREAO.E .- I) WRITE(6,230) A21 80...

IF(IREAD.El. I) WRITE(6,231) A2190...

230 ZORMAT(11X,'- WARM START - SIIULATION IS TO BE -, A2200...

I 'DONTINUE3 FROM PREVIOUSLY-STORED DATA') A2210...

231 FORMAT(11X,'- COLD START - BE3IN NEW SIMULATION') A2220...

*IF(ISTORE.E .+l) W~RITE(o,240) A2230 .. .
IF(ISTORE. E .O) wRITE(6,241) A2240...

24. FORMAT(11X,'- STORE RESULTS AFTER EACH TIME STEP ON JNIT-66', A225O...

1 " AS BACK-UP AND FOR USE IN A SIMULATION RE-START') A2260...

241 FORMAT(11X,'- D0 NOT STORE RESULTS FOR USE IN A , A2270...

1 'RE-START OF SIMULATION') A2280...
A2290. .
A2300...

1 WRITE(8,245) NN,NE,NBI,NPINCHNPBC,NUBC,NSOPNSOU,NOBS,NTOSS A2310 ...

245 FORMAT(/II/1lX,'S I M U L A T 1 0 N C 0 N T R 0 L , A2320 ...

1 'N U M 3 E R S'//l1X,Io,5X,'NUMBER OF NODES IN FINITE-', A2330..•

2 'EEMENT MESr'/11X,Io,SX,'NUM3ER OF ELEMENTS IN MESH'/ A2340. .

3 11X,16,5'ESTIMATED MAXIMjM FjLL BAND WIDTH FOR M-SH'// A2350..:

' 11X,16,5X,'EXA-T NJM3ER Or PIN H NODES IN MESH'// A2360 ...

5 11X,16,5,'EKACT NjMaER OF NODES IN MESH AT WHICH', A2370 ...

b 'PRESSuRE IS A SPE;IFIED CONSTANT OR FJNCTION OF TIME'/ A2380 ...

7 Ix,15,5x,'EAA T NjMcER OF NODES IN MESH AT WHICH', A2390 ...

a 'SOLUTE CONCENTRATION IS A SPECIFIED CONSTANT OR 'p A2400 ...
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C SUTRA M A I N P R 0 G R A M SUTRA-VERSION 1284-20 A10 .....

CI* * NE number of elenents in finite element mesh * * A1210...
CI* * NOSS = number of observation nodes in mesh * *1 A1220...
C I* * NTOBS = maximun nuiber of time steps with observations * * A1230...
C I * * N)1NCH number of pinch nodes in finite element mesh * * A12'40... 
C * * NSOP = number of fluid mass source nodes in mesh * * A1250...
CI* * NSJU = number of energy or solute mass source nodes * * A1260...
C * * NPBC = number of specified pressure nodes in mesh * A1270...
CI* * NJaC =number of specified concentration or temperature * *1 A1260 ...
C * * nodes in mesh * * A1290...
C1* * * * A1300.,"
C * * * * A1310 ...
C * * Th9 three arrays must be given dimansions just oelow. * * A1320 .".".

1* *** A1330 ...

CI** ** ** * *** * * ********* * ***** * * * * * * * * ** * * * * * * ** A1370 .... -

CI . ... ..... A1370...

C Al1390...
C A1400...
C A1410... -I

C ..... INPUT DATASET 1: INPUT DATA HEADING A1420...
C......( SET ME=-* FOR SLUTE TRANSPORT, ME= * FOR ENERGY TRANSPORT ) A1430...

REA3(5,100) SIHULA A1440 ....
C10 FORMAT(2A6) Al 450...

WRITE(6,110) A1460... ii
113 FORMAT1,l32(1H*)I/3(1X,132(1H*)I/I/)///I A1470 . .

1 4?X, ° SSSS UJJ UJ TTTTTT RRRRR AA "1 A1480...
2 47X,'SS S UJ 3J T TT T RR RR AAAA "/ A1490...

C A 3 0 . .-

3 7x,CSSS$ UJ Ud TT RRRRR AA AA/ A1500...
C 4 47X, S$ UU UJ TT RR R AAAAAA/ A-514...
C 5 4x,SS SS UJ UJ TT RR RR AA AA/ A1520...

6 . SX, ° SSSS JUUU TT RR RR AA AA/ A1530...
7 7(/),.37X,U N I T E 0 S T A T E S , Al540...
1 0E0L0GICAL SUORRVMEY' I A1550...

9 45X,'SJBSJRFACE FLOW AND TRANSPORT SIMULATION MODEL'/ A1560...",-L
• I/59X, -VERSIOJ 1284-20-/I/ Al1570... "-,A 36X,* SATURATED-UNSATURATED FLOW AND SOLUTE OR ENERGY, A1580 ...
1 1 TRANSPORT *////4(II/Xl,132(M*))) A1590...

I 47r' SSS J U TTTTT RRR AAAl4600...

IF(SIMULA1).NE.'SUTRA ") GOT 115 A1410...
IF(SIMULA(2).E S 'SOLUTE') GOTO 12A Al 620...

SIF(4IMULA(2) .E. 'ENERY) TOTO 143 A1630... -

15 4 7XIT SSSE(UJ TT RRRR AAA) Al520 .." .

116 FORMAT(I IlIIII20%,'* * * * * ERROR IN FIRST DATA CARD--', A1650...
1 ------- 3ATA INPUT ALTED FR CORRECTIOOS * * * * *) A16O...

STOP Al1670...', '
12 18--/ A 1 80...

WRITE(6,1O) A1690...
13 C 3RMAT(1HI/I (1M*)///20X,* * * * * S U T R A S C L U , A170...

1 "TE TRAN SPORT S15 LATI0N *****/ A1710 ...
2 /132(1.1TE1 A1720 ...
SOT3 160 A1730 ...

1 3 4E=*I Al1'40...1 WRITE(6,15J) A1750...
153 FuRMAT(1H1/III2(Ix*)//I20',* * * * * I U T R A N R , A176...

1 - -Y T A INPS RT SIMJLA TFION * * ***i// A1770...
2 /I3?(1H*)f) A1780... --

2 /1321,1J )/ A 17920 .. .""-

3O5E6t53 A 750•
2 12l*/ Al 780.
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TM N R 3 q ' SjTkA-VcJI1N I c6- C 413. A

4 431 National Lenter IWO ....
C1 Reston, Virginia 22)92 IA020..
C I USA 1 Ao30. ..
CA (40 ....
C* * * * * * * * * * * * * * A650....

* The SUTRA code and documentation xere prepared under a * 4A5 ....
C * joint research Project of the J.S. Geological Survey, * Ao70 ....
" * Dzpartnent of the Interior, Reston, Virginia, and the * A60 ....
:1 * Engineering and Services Laboratory, U.S. Air Force * A690 ....
1 * Engineering and Services Center, Tyndall A.=.B., * J700 ....
c1 * Florida. The SUTRA code and docuientation are * A710....
4 * available for unlimited distrioution. t A720....

CI * A730 ...tA740 ....

C IA780 ....
C A790..

C A800 ....
IMPLICIT OOU3LE PRECISION (A--IPO-Z) 4810 ....
COMMON/LGEM/ RM A820 ....
COMMON/LGEV/ RV A830 ....
COMM3N/LGEMVI IMV A840 ...
COMMON/DI4S/ NN,N,NINI,N8I,Na,NI4HALFNPINCHNPBCNUBC, A850 ....

1 NSOP,NSOU,N3CN A860 ....
COMM3N/CONTRL/ GNJUP,DTMLTDTMAXeMEISSFLOISSTRA,ITCYC, A870 ...

1 NOCYCNUCY',NPRINTIREAOISTOREN3UMAT,IUNSAT A880 ....
COMMON/OBS/ NOBSNNT03SNPIOCYCITCNT A890....
CHARACTER*1 TITLE1(80),TITLE2(CO) A900.... .- ....

CHARACTER*6 SIMULA(2) A910. .
JIME'SION KRV(100) A920...

C A930 ....
r A940 ....
C ..................................................................... -A950 ....01 t * ft ft ft ft ft * ft ft ft ft * ft ft * ft * ft ft t ft ft f ft f ft ft *t * * * A960...." .

C * At * 4980....
CJ* * The three arrays that need oe dimensioned A * 4990 ....
* *f are dimensioned as follows: * A 41000...

• * A * 41010..
'(f *t * 0lENSION RM( RMOI4), RV( RVDIM), IMV(IMVDIM) A1 * 4020...
dlf* * * * A 41030...

C * RM4M >= 2*NN*10 A00...

* * RVM >• ( NNVNN + (NEV.8)NE + NBCN53 A41060...
C~ft t * + (N3BS+1)*(4TOBS+2)*2 + NTOBS + 5 )) * * A1070...C I A1080 ...
Ct * T IMVOIM >= (( NE*8 + NN I NPINC4*3 + NSOP + NS'OU * * 41090...
01* *t . N3.N*2 + NOBS + NTOBS + 12 A) * * 41100... . .

C I * where: Al120...

C * ** * Al 130 .. . - .

* NN1V = 30 * * 41140...
C * * NEV = 10 * Al150...
CJ* * N3N = NPSC + *UC * *1 A1160...
C 1 * *A* 4 1 1 7 0 . . . '
C * * and: A * 41180...
C * * * Al190...

N4 = numozr of nodes in finite element mesh A * 41200...
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C SUTRA M A I N P R 0 G R A M SUTRA-VERSION 1284-2D A1O .....- c----------------------------------------------20 .. :"'

A 3 0 ....
C A 4 0....A40. .
C UNITED STATES GEOLOGICAL SURVEY IA50 .....
C1 GROUNDWATER FLOW AND ENERGY OR SOLUTE TRANSPORT SIMULATION MODEL IAoO .....
C A 7 0 . .... .
C A . .0.
CA A93 ...-
C AIO .... ..

C Al 10 ....

C I I IA120 ....
C I S U T R A I A130 ....
C I I A 140 ....

C ~IAl150 ......

C I A160 .... "
CI Saturated Unsaturated TRAnsport IA170 ....
C1 IA= 4180....
C 1 A190 ....

C I I A210 ....
I A220 ....

C1 * ->saturated and/or unsaturated groundwater flow * A230 ....
CI * ->either single species reactive solute transport * A240 .... .
Ci * or thermal energy transport * A250 ....
CI * ->two-dimensioial areal or cross-sectional simulation * A260 ....

*I ->either :artesian or radial/cylindrical coordinates It A 2 70. .. .
C I * ->hybrid galer<in-finite-element method and 2A28 0....
C I integrated-finite-difference method f A290 ....
4 * witn two-di-iensional quadrilateral finite elements * A300 ....
C * ->finite-difference time discretization * A310 ....
C1 * ->non-linmar iterative, sequential or steady-state * A320 ....
C I solution modes f A330 ....

->optional fluid velocity calculation I A340 ....
C * ->optional observation well output * A350 ....
CI * ->optional printer plots of output A 1360 ....
C * ->optional fluid mass and solute mass or energy oudget f A370 ....

ft * ft t * * * ft ft ft ft ft ft ft ft ft ft * ft ft ft ft ft ft A3BO....

C1 IA390 ...
CI IA400 ....
C I A4 ... .
I Complete explanation of function and use of this code 1A420 ....

C is given in IA430 ....
IA 4 40 ....

A Voss, Clifford I., 1984, SJTRA: A Finite-Element A450 ....
* Simulation Model for Saturated-Unsaturated A460 .... .

Fluid-Density-Dependent Ground-Water Flow 1A470 ....
with Energy Transport or Chemically-Reactive IA480....

C1 Single-Spacies Solute Transport, U.S. Geological A490 ....
C1 Survey Water-Resources Investigations Report A500 ....

8 4-4369. 1A 510 . ..

C 1A520....
C IA 5 30 ....
S I A540 ....
C1 Users wno mish to oe notified of jpdites of the SJTRA IA550 ....
CI code and documintation may be adoer; to the mai inI A50 .... " '

l)Ay sending a request to IA570 ....

I A580 ....
Cnief Hydrologist - SUTRA AA590 ....

U.S. Geological Survey A600 ....

3s3
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Appendix B:

SUTRA Program Listing

(Model version V1284-21))

0 S0

a Ius
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U (2.47) I<CI or either T or C depending on
IM /M) type of simulations . .

U (C (4.66) U value of inflow at point• UBC

of specified pressure

U (2.4 7a) U value of fluid source

" UP (4.23) Upstream weighting factor

V1  (3.15) Cell volume at node i

- VOL (2.9) Volume (total)

VOL (2.13) Fluid volume
* w

W (4.111b) Weight for Langmuir isotherm0

W(u) (6.1a) Well function for pump test

example

W (4.39) Weighting function

W (4.111a) Weight for Langmuir isotherm

299
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example problem (volume
fluid injected per time /
volume aquifer)

QPBC (4.51) (M/L s] Fluid mass source rate due
to a specified pressure

QBC. (3.38) Fluid volumetric sourceI due to a specified head
in the example problem

QBC (4.64) [M/s] Fluid mass source due to
Ia specified pressure node

QIN. (3.20) Fluid volume efflux at
1 boundary for example

problem

QTOT (6.1a) Total pumping rate for

pump-test example

Qi (3.28) Fluid volumetric source
for example problem .

R (3.8) Residual of discretized
equation

RMDIM (7.6) Program matrix dimension
0

RVDIM (7.7) Program matrix dimension

( op(X,y) (2.13) tMf/(Ls')] -  Specific pressure storativity

S(xy) (3.1) LI Specific storativity for

example problem

S (6.1a) Dimensionless drawdown for
pump test example

S (x,vt) (2.6) [Ii Water saturation (saturation)
(volume of water per volume

of voids)

T (2.3) [KCI Base fluid temperature
0

T(x,y,t) (2.1) ['CJ Fluid temperature (degreesCelcius)

2."x,Vt) (3.2) I / Aquifer transmissiviry for

example problem

F (x,y,t) (2.25) ! CJ Temperature of source fluid

208
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IMVDIM (7.8) Program dimension

K(x,v) (2.20) IL/sI Hydraulic conductivity
(3.1)

KG (4.32) Number of Gauss point

NE (3.3) Number of elements in mesh

NN (3.4) Number of nodes in mesh

NP (4.32) Number of Gauss points -

" NPBC (7.i) Number of specified pres-
sure nodes in mesh

NSOP (7.1) Number of specified fluidsource nodes in mesh

NSOU (7.1) Number of specified U
source nodes in mesh

NUBC (7.1) Number of specified U
nodes in mesh -

NPCYC (7.1) Pressure solution cycle

NUCYC (7.1) U solution cycle

O (3.7) The governing equation of
the example problem

O (4.38) The fluid mass balance
equation

O (4.66) The energy or solute mass
u balance equation

Pe (7.1) The mesh Peclet number
m

thPBC. (7.1) The ipu pressure boundary
1pu condition value

Qi (4.50) M/isl Total fluid mass source to
cell i

3
Q (X,Vt) (2.22) IM(L3 s)I Fluid mass source (including

pure water mass plus solute
mass dissolved in source -

water)

Q (xv) (3.1) Is I Volumetric fluid source for
example problem (volume
fluid injected per time /.
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2
D(x,y~t) (2.25).(2.29) IL /sI Dispersion tensor

o. D (2.29) IL2/sI Apparent molecular
m diffusivity of solute in

solution in a porous medium
including tortuosity iffects,
(about. D -1. X 10 Im /s
for NaCl at 20.'C)

D.. (2.39c) IL2/sI Element of dispersion tensor

),'* " D (2.39b) IL/sI Element of dispersion tensor
xx

?
D (2.39b) IL /SI Element of dispersion tensor
yy

DF. (4.56) Element of vector on right
1 side of pressure equation

DT.. (4.87) Matrix coefficient of U
11i1 equation

ET. (4.90) Element of vector on right
1 side of U equation

F (2.42b) Dispersive flux in
m principal direction m

F (2.42a) Dispersive flux in
P principal direction p

F (2.41) Dispersive flux along
stream line

GKG (4.32) Coefficient of Gauss
integration

G TL (4.89b) Element of vector on left
" -side of U equation

G TR (4.89c) Element of vector on right
S -side of U equation

GT. (4.89a) Element of vector on left
1 side of U equation

- (2.25) III Identity tensor (ones on
diagonal, zeroes elsewhere)

I.. (3.23) Matrix arising from
" lintegral in example

problem
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I...
3 - .. S ) T I NE S J T R A S UTR A VERSION 1284-20 8I10......

ML=O 81210...
NOUMAT=O 31220...

C ..... SET NOUMAT TO OBTAIN J SOLUTION BY SIMPLE BAC( SUBSTITUTION 91230...
C BEGINNING ON SECOND TI4E STEP AFTER A PRESSURE SOLUTION 81240...

CI THE SOLUTION IS NON-ITERATIvE (ITR X= ) 81250...

IF(MOO(IT-INPCYz).NE.O.AND.MOD(ITNPCYC).NE.J.AND.IT.GT.2 81260...
1 .AND.ITRMAX.E,.1) NOUMAT=1 81270...C ..... CHOOSE SOLUTION VARIABLE ON T4IS TIME STEP: 81280 ...

ic ML=O FOR P AND U, L=I FOR D ONLY, AND ML=2 FOR U ONLY. 51290...
IF(IT.EQ.1.AND.ISSFLO.NE.2) GOTO 1005 81300...
IF(M3O(ITNPCYCl.NE.9) ML=2 51310 ...

- IF(MDD(ITNUCYC).NE.O) ML=1 81320 ... .

C ..... MULTIPLY TIME STEP SIZE BY OTMULT EACH ITCYC TIME STEPS 81330...
IF(MOD(ITsITCYC).EQ.D.AND.IT.GT.1) DELT=OELT*DTMULT 81340...

C ..... SET TIME STEP SIZE TO MAXIMUM ALLOWED SIZE, OTMAX 81350...
IF(OELT.GT.DT4AX) DELT=OTMAX 81360...

..... INCREMENT SIMULATION CLOCK., TSEC, TO END OF NEW TIME STEP 81370...
13J5 TSEC=TSEC+OELT 81380...

TMIN=TSEC/60.00 81390...
TmOUR=TMIN/60.O0 81400...
TOAY=THOUR/24.0D0 81410.
TWEEK=TDAY/7.DO B1420...
TMONTH=TDAY/30.437500 81430...

TYEAR=TOAY/365.2500 81440...
c 81450...

C ...... SET TIME STEP FOR P AND/OR U. WHICHEVER ARE SOLVED FOR 81460...
C ON THIS TIME STEP 31470...

IF(ML-1) 1013,102O,1030 81480...
1010 DL T UM1=DELTU 81490 ...

OLTPM1=DELTP 81500...
S , VOTO 1040 81510 ...

. 1220 OLTPM1=DELTP 81520. ..
GJOTO 1040 81530 ...

! 1030 DLTUM1=0ELTU 81540...
1040 CONTINUE 51550...

DELTP=TSEC-TSECPO 51560...
OELTJ=TSEC-TSECUO 51570...

SC ..... SET DROJECTIDN FACTORS USED ON FIRST ITERATION TO EXTRAPOLATE 81580...
C AHEAD ONE-HALF TIME STEP 81590...

3DELP=(DELTP/ILTPM1)*3.500 81600...
SOELU=(DELTU/OLTUM1)*J.5900 81610...
BDELP1=3OELP 1.OD) 81620...

5OELJ1=BDELU 1.0O0 81630...
C ..... INCREMENT CLOCK FOR W-ICHEVER OF P AND J WILL BE SOLVED FOR 51640...
C ON THIS TIME STEP 81650...

IF(ML-1) 1060,1073,13OS 81660...
13o TSECPJ=TSEC 81670...

TSECJO=TSEC 81680...
GOTO 1090 51690...

1372 TSECPO=TSEC 51700...
GOTO 1090 81710 ...

1380 TSECJJ=TSEC 81720...
1390 CONTINUE 51730...

C 81740...

------------------------------------- B1750...
C ..... EGIN ITERATION ------------------------- 81760...

" ------------------------------------ 81770...
- 1100 ITER=ITER I 81780...

31790...
IF(ML-1) 2003,220)o2400 81800 ...
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SUBROUTINE S J T R A SUTRA - VERSION 1284-20 B10 .....

...... SHIFT AND SET VECTORS FOR TIME STEP WITH BOTH P AND J SOLUTIONS 51810...
2000 00 2025 I=1,NN 51820...

PITER(I)=PVEC(I) B1830...
PVEL(I)=PVEC(I) 1840...
UITER(I)=JVE:(I) 51850...
RCIT41(I)=RCIT(I) 81360...

2325 RCIT(I)=RHOW3+ RW)U*(JITER(I)-URHOWO) 51370...
DO 2050 IP=,NPBC B1880...
I=IA3S(IPBC(IP)) 81890...
PLITR(IP)=GNU*(PBC(IP)-PITER(I)) B1900 ...

2050 CONTINUE 81913 .. .
IF(ITER.GT.1) GOTO 2630 B1920...
DO 2375 I=INN B1930...
PITER(I)=BDELP1*OVEC(l)-BOELP*PM1(I) B1940...
JITER(I)=B)ELU1*UVEC(I)-B)ELU*UM1(I) B1950...
M41(I)=PVEC(1) B1960...
UM2(I)=UM1(I) B1970...

2075 UM(I)=UVEC(I) B1980...
GOTO 2600 31990...

C ..... SHIFT AND SET VECTORS FOR TIME STEP WITH P SOLUTION ONLY S2300...
22J0 O0 2225 I=INN B2010...

PVEL(I)=PVEC(I) 52320...
2225 PITER(I)=PVE:(I) B2030...

IF(ITER.GT.1) GOTO 26)0 B2040...
00 2250 I=1,NN B2050...
PITER(I)=BDELPI*PVEC(I)-BDELP*PM1(I) 82060...
UITER(I)=UVES(I) B2070...
RCITMI(I)=RCIT(I) B2080...
RCIT(I)=RHOW} DRW)U*(JITER(I)-URHOWO) 82090 ...

2250 PM1(I)=PVEC(I) B2100...GOTO 2600 92110o. .. - -"
C ..... SHIFT AND SET VECTORS FOR TIME STEP dITH U SOLUTION ONLY 82120...
240 IF(N)JMAT.E...1) GOTO 2480 52130...

DO 2425 I=I,N 82140...
2425 UITER(I)=JVEC(I) B2150...

IF(ITER.GT.1) GOT) 2630 B2160...
DO 2450 I=1,NN B2170...
PITER(I)=PVE:(I) B2130 .. .
PVEL(I)=PVEC(I) 52190...

UITER(I)=BDELu1*JVEC(I)-B3ELU*UM1(I) B2200 ...
2450 RCIT41(I)=RCIT(I) B2210...

30 2475 IP=,NPBC B2220 ...
I=IA3S(IP3C(IP)) B2230 ...
)PLITR(IP)=GN*(DBC(IP)-PITER(l)) 52240. ..

2475 CONTINUE B2250...
2480 DO 2500 I=,lNN 52260...

JM2(I)=UMI(1) 82270. .".
253 JI1(I)=UVEC(I) 52280...
26J0 CONTINUE B2290 ...

82300...
..... INITIALIZE ARRAYS WIT-1 VALUE OF ZERO 82310...

MATDIM=NN*NBI 52320...
IF(ML-1) 300O,3003,33J0 B2330 ...

3030 CALL ZERO(PMATMATOIM,3.O00) B2340 ...
CALL ZERO(0VECNN,0. )0) B2350...
CALL ZERO(VOLNND.00)) 523o0...

IF(ML-1) 330 ,3403,33J30 B2370...
33JO IF(NDJMAT) 3350,3350,3375 3230...
3350 CALL ZERO(UMATMATDIM,0.0JQ) B2390 ...
3375 CALL ZERC(lJVEC,NN,0.30) B240)...
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S j3R)jTINE S J T R A SGTRA - VLRSION 123t-20 BID .....

53)3 CONTINUE 32410...
32420...

...... SET TIME-DEPENOENT BOUNDARY CONDITIONS, SOURCES AND SINKS 82430...
C FOR THIS TIME STEP 82440. .-

IF(ITER.E .l.AN .IBCT.NE. U) 32450...
1 C NLL BCTIME(IPCPCIUBCAJBCINU ,SUIN,IQSOPIQSOUT B25O...
2 IP3CTIUBCTIQSOPTIQSDUT) 52470 ...

c 82480 ...
" -C..... SET SORPTION PARAMETERS FOR T-ilS TIME STEP 82490 ...
- .IF(ML.NE.l.ANO.ME.EQ.-l.AND.NOUMAT.EQ.O.AND. 32500 .. .

"I A)SMOO.NE.'NONE °)CALL ADSORB(CSlCS2,CS3,SLSRUITER) 82510 ...

C B2520...
Z ..... DO ELEMENTWISE CA-CULATIONS IN MATRIX EQUATION FOR P AND/OR U 82530...

IF(NDUMAT.EQ.0) B2540...
1 CALL ELEMEN(ML,IN,X,Y,THICKPITERUITERPRCITRCITM1lPOR, B2550...
2 ALMAXALMINATAVGPERMXXPERMXYPERMYXPERMYYPANGLEi B2560...
3 V'AGVANG,VOL,MATPVEC,UMATUVEC,GX$I,GETAPVEL) 82570...

C 82580...
C......DO NODEwISE CALCULATIONS IN MATRIX EQUATION FOR P AND/OR d 82590...

CALL NODALB(ML,VOLPMATPVECUMATUVECPITERUITERPMlUM1,UM2, 82600...
1 PORQINUINQUINCS1,CS2,CS3,SLSRSWDSWDP,RHOSOP) 82610...

C 52620 ...
C..... SET SPECIFIED P AND U CONDITIONS IN MATRIX EQUATION FOR P AND/OR U82630...

CALL aCa(MLPMATPVECUMATUVECIPBCPBC,IUBC,UBCQPLITR) B2640...
C B2650...
C ..... SET PINCH NODE CONDITIONS IN MATRIX EQUATION FOR P AND/OR U B2660...

IF(NDINCH-1) 4200,4200,4000 82670...
43JO CALL PINCHS(4L,IoINCHPMATPVEC,UMATUVEC) 82680...
4200 CONTINUE 82690...

CB 2700...
C ..... MATRIX EQUATION FOR P AND/OR J ARE COMPLETE, SOLVE EQUATIONS: B2710...
C W4EN KKK=O, DECOMPOSE AND BACK-SuBSTITUTE, 82720...

- C wHEN KKK=2, BACK-SJBSTITUTE ONLY. B2730...
IHALFB=NBHALF-1 82740...
IF(ML-1) 5003,5003,55J0 82750...

C ..... SOLVE FOR P 82760...
5000 KKK=330000 B2770...

CALL SOLVEB(KKK,PMATPVECNNIHALFBNN,NBI) 82780 ...
C..... P SOLUTION NOW IN PVEO 82790...

IF(ML-1) 550O,6003,5500 82800...
C ..... SOLVE FOR U 82810...
55J0 KKK=330003 B2820...

IF(NOUMAT) 5700,5700,5600 B2830...
5600 KKK=2 82840...
5700 CALL SOLVE(KKKUMATJVECNNIHALFBNNNBI) 82850...

C ..... U SOLJTION NO4 IN UVEC B2860...
-003 CONTINUE 82870...

C B2880...
C ..... CHEC( PROGRESS AND CONVERGENCE OF ITERATIONS B2890...
C AND SET STOP AND GO FLAGS: B2900...
SISTO = -1 NOT CONVER3ED - STOP SIMULATION B2910...
C ISTOP = 0 ITERATIONS LEFT OR CONVERGED - KEEP SIMULATING 32920...
C ISTOP = 1 LAST TIME STEP REACHED - STOP SIMULATION B2930...
C ISTOP = 2 MAXIMUM TIME REACIED - STOP SIMULATION 82940...
C IGOI = 0 P AND U ONVERGEO, OR NO ITERATIONS DONE 82950...
C IGOI = 1 ONLY P HAS NOT YET CONVERGED TO CRITERION B2960...
C IGOI 2 ONLY U HAS NOT YET CONVERGED TO CRITERION 82970...

- C IGOI 3 B0TH P AND U HAVE NOT YET CONVERGED TO CRITERIA 82980...
" ISTOP=O 82990...

1OI= B3000...
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C SUBROUTINE S J T R A SUTRA VERSION 1284-2D 810 .....

IF(ITRMAX-l) 7503,750O,7000 B3310...
7000 RPM=).DO 83020...

RM=3.DO 83030 ... 
I-,WORS=O 83340...
IUWORS=O B350...
IFCML-1) 7050,7053,7150 83060...

7350 DO 7100 I=INN B3070...
RP=DABS(PVEC(I)-PITER(I)) 83080...
IF(RP-RPM) 7133,7360,700 83090...

7360 RPM=RP 83100... 
IPWORS:I 83110... 

7100 CONTINUE 83120 ...
IF(RPM.GT.RP4AX) IGOI=IGOI+I 83130...

7150 IF(ML-1) 7203,7353,7230 83140 ...
7200 00 7330 I=INN 83150...

RJ=DABS(UVEC(I)-UITER(I)) B3160...
IF(RJ-RUM) 7300,7260,7260 83170...

7260 RUM=RU B3180 ...
IUWORS=I 83190...

7300 CONTINUE 83200...
IF(RJM.GT.RUMAX) IGOI=IGOI+2 83210...

7350 CONTINUE 83220... 0
IF(IS3I.GT.O.ANO.ITER.EQ.ITRMAX) ISTOP=-I B3230...
IF(ISOI.GT.0.AND.ISTOP.EQ.0) SOTO 1100 B3240...

C ----------------------------------- B3250...
C ..... END ITERATION------------------------ B3260...
C ----------------------------------- 83270...
C 83280... g
7500 CONTINUE 83290...

IF(ISTOP.NE.-I.AND.IT.EQ.ITMAX) ISTOP=I 83300 ...
IF(ISTOP.NE.-I.AND.TSEC.GE.TMAX) ISTOP=2 83310...

c 83320 ...
C ..... OJTPUT RESULTS FOR TIME STEP EACH NPRINT TIME STEPS 83330...

IF(IT.GT.1.AND.MO)(ITNPRINT).NE.3.AND.ISTOP.EQ.O) GOTO 8000 83340...
C ..... PRINT P AND/OR U, AND MAYBE Si AND/OR V 83350...

CALL PRISOL(ML,ISTOPIGOI,PVECUVECVMAGVANGSW) 83360...
C ..... CALCJLATE AND PRI4T F6UID MASS AND/OR ENERGY OR SOLUTE MASS BUDGETB3370...

IF(KBUDG.EQ.1) 83380...
1 CALL BUDGET(MLIBCTVOLSWDSWDP,RHO,SOPQIN, PVECPM, B3390...
2 P3CiQPLITRIPBC,IQSOP,POR,JVEC,UMIUM2,UIN,QUIN,IQSOU,UBC, 83400...
3 CS1,CS2,CS3,SLSR) 83410...

C ..... PLOT P RESULTS 83420...
IF(KPLOTP.NE.1.0R.ML.EQ.2) GOTO 7080 83430...
CALL PLOT(If2X,Y,CCINDEXXXYYPVEC) 83440...

: ..... PLOT U RESULTS B3450...
7680 IF(KPLOTU.NE.1.0R.ML.EQ.1) GOTO 8000 83460...

NP=3 83470...
IF(ME.EW.+I) 4P=4 B3480...
CALL PLOT(1 ,P,X,Y,CC,INDEXXXYY,UVEC) 83490...

600 CONTINUE 83500...
C 83510...
........ MAKE OBSERVATIONS AT OBSERVATION NODES EACH NOBCYC TIME STEPS 83520 ...

IF(N)BSN-I.GT.0) :ALL OBSERV(1,IOBSITOBS,POBS,UOBSOBSTIM, 53530 ...
1 PVEC,UVEC,ISTOP) 83540...

c 83550... 
C ..... STORE RESULTS FOR POSSIBLE RESTART OF SIMULATION EACH TIME STEP B35oO...

IF(ISTORE.NE.1) GDTO d150 83570...
CALL STORE(PVE:,UVEC,PM1,JM1,:Sl,RCIT,Sw,PBC) 83580...

L83590.. .-

6150 IF(ISTOP.E .J) GOTO IJO0 83600...
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Jw

.J3R,TNE S J T R A S-TRA VtRSION 1234--O a| .....

C 83640. ..
C 3650...

C ..... OMPLETE OUTPUT AND TERMINATE SIMULATION 836oO...
IF(ISTORE.EQ.1) WRITE(6,8100) 83670...

3100 FORMAT(I/I/11X,'*** LAST SOLUTION HAS SEEN STORED f, 83680...
S- 1 ON UNIT 66 ***5) 3690...

C 83700. ..
C..... OJTPUT RESULTS OF OBSERVATIONS 53710...
8200 IF(NO8SN-1.GT.O) :ALL OBSERV(2,IOBSITOBS,PO8S,UOBSOBSTIM 3720...

1 PVECfUVECfISTOP) 83730 ...
83 7 4 0A ,,

C ..... OUTPUT END OF SIMJLATION MESSAGE AND RETURN TO MAIN FOR STOP 83750..
IF(ISTOP.GT.0) GOTO 5400 83760...

" IF(IOI-2) 8230,8260,290 83770...
d230 WRITE(6,8235) 83780...
8235 =ORMAT(/////f//11X,'SIMULATION TERMINATED DUE TO , 83790...

1 'NON-CONVERGENT PRESSURE', 83800...
2 /1X'g********* * *'f 83810..
3 3*8************ *******) 83820...
RETURN 83830...

8260 IF(ME) 8262,3262,8266 83840 ...
8262 WRITE(6,8264) 83850...
8264 FORMAT(M/M//I11x,'SIMULATION TERMINATED DUE TO ", 83860...

1 *NON-CONVERGENT CONCENTRATION', 83870...
2 61X***** ***.* * .' 3880 ...

* 3 8************* **a**********') 83890...
RETURN 83900...

' 8266 WRITE(6,8268) 83910...
8268 FORMATjII/I//11X,'SIMULATION TERMINATED DUE TO ,f 83920...

1 'NON-CONVERGENT TEMPERATURE', 83930...
2 /11X,'*f******** ****-***** *** ** 8, 83940...
3 8************** ***********') 83950...
RETURN 83960...

8290 IF(ME) 8292,8292,8296 83970...
8292 4RITE(6,8294) 839804..
d294 FORMAT(////////11X,'SMULATION TERMINATED DUE TO f 83990...

1 'NON-CONVERGENT PRESSURE AND CONCENTRATION', 84000...
2 fllX,'********* ********** *,* ** " 84010...
3 '************** ******** *** *************°) 84020...
RETURN 84030...

8296 WRITE(6,8298) 4040...
8295 FJRMAT(IIII/I//11X,'SIMULATION TERMINATED DUE TO , 84050... ..

1 '4ON-CONVERGENT PRESSURE AND TEMPERATURE', 84060 ...
2 /llx,'********** *a*** * *' 84070 ...

* 3 '******* ****a.******)84080 ... 0
RETURN 84090...

C 84100... -
8430 IF(ISTOP.EQ.2) GOTO 8500 54110...

WRITE(6,5450) 64120.."
3450 FORMAT(/II//II/11,'SJTRA SIMJLATION TERMINATED AT COMPLETION 'f 84130..

1 'OF TIME STEPS'/ 84140...
2 11x,'****** .*****.** ****** ', 84150... -S
3 ** **** 4***.') 54160...
RETURN 64170...

85J0 WRITE(6,8550) 64180... -i
"553 FORMaTC/////II11x,'SjTRA SIMJLATION TERMINATED AT COMPLETION ", 84190...

1 'OF TIME PERIOD'/ 54200...
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C SuBRDuTINE S J T R A SUTRA -VERSION 1284-2D 810 ....

2 11X,'************* 8**k 4210..

3 ***a .**84220..

RETURN 84230..

c 84240..

END 84250..
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C SUBROUTINE I N C A T 1 SUTRA -VERSION 1264-kD C10 ..

C SUBROUTINE I N D A T 1 SUTPA -VERSION 12E4-20 C10O.....
c ~C?O ....

C '*PURPOSE C30 ....
C **TO INPUT POUTPUTi AND ORGANIZE A ?4AJ0R PORTION OF C40 ..
C **UNIT-5 INPUT OATA (DATASET 5 THROUGH DATASET 15B) C50 ..
C C6 0....

SUSROUTINE !NDATi(XYTHICKP0PALM'OAXt&LMINAT4VGPERZMXX,-PERMXY, C7O)..
1 PERMYXPERMYYPPANGLE, SOP) CeO ..
IMPLICIT DCUBLE PRE-CISION (A-Ht,01) C9 ...
CHARACTER*1O ADSMOD Clio....-

* ~~CHARACTER*14 UTYPE(2) cl..
*-CHARACTER*6 STYP2(2) C120 ....

S>COMMON/MOCSOR/ AOSMOD C13 3....
COMMON/DIMS/ NNNE,NINNBINBNSALFNPINC'1NPECNUBC, C.140 ....
1 NSOP,-NSOUoN5CN C1 50 ....
COMMON/TIME/ OE-LTTSE CTMINTHCURTDAYTWE-EKTMONTHTYEAR,- C160 ....
1 TM4AX, DELTP, DELTUDLTPM1,oDLTUM1,-IT,-ITMAX C17C ....
COMMONICONTRLI GNUUPDTMULTDOTMAXfMEISSFLO.ISSTRAITCrCe 18 ..
1 NPCYCNUCYCNPRINT,-IRE.ADISTCRENOUMATIUNSAT C190 ....
COMMON/ITERAT/ RPM4RPMAXRUMRUMAXITER,*ITRMAX,-IPWORSIUWORS C200 ....
COMMON/TENSOR/ GRAVXPGRAVY C2luC....
COMMON/PARAMS/ COMPFLCOMPMAOCRWDUCWCS,-RhOS,DECAYSIGMAWSIGMASCZ20 ....
1 RHOWO,-URHCWDVISCO,-PRQDF1,PPRODS1,PROOFCPRODSOCHIlCHI2 C230...
COMMON/SATPAR/ PCENTSWRES.PCRESSSLOPE,.StNCPT C240. ...
COMMONIKPRINTI KNODALKELMNToKINCIOKPLOTPKPLOTU,-KVELKBUDG C250..

*DIMENSION X(NN),Y(NN),THICK(NN),-PCR(NN),SOP(NN) C6
DIMENSION PERMXX(NE-),PERMXY(NE-),-PERMYX(NE),PERMYY(NE)PANGLE(NE)o C?70 ....

1 ALMAX(NE),ALI4IN(NE) ,ATAVG(NE) c280 ....
DATA UrYPE(1)/' TEMPERATURES '/,UTYPE(2)/*CONCENTRATIONS'/ C2 ....
DATA STYPE(1 )/'ENE-RGY'/,STYPE(2)/'SOLUTE'/ C30C...

C C310 ....
INSTOP=O C32C...

*C C330 ...
C .. INPUT DATASET 5: NUMERICAL CONTROL PARAMETERS C340 ....

READC5,50) UP,GNU CZ50 ....
5 0 FORMAT(GlO.O,S15.O) C-60 ...

WQITE(6,70) UP,GNU C370 .. ..
*7C FORMAT(////11~f'N U M E R I C A L C 0 N T R C L D A T A'// C383...

I 1lXtFl5.5,5X,'"'UPSTREAM WEIGHTING" FACTOR'/ CD..
2 llX,IPD1S,.5Xf'SPECIFIED PRESSURE BOUNDARY CONDITION FACTOR*) C00...

C C41O.:
C...... INPUT CATASET 6: TEMPORAL CONTRCL AND SOLUTION CYCLING DATA C420 ... :

READ(5,100) ITMAX.,DELT,TMAX,ITCYC,CTMULT,DTMAX,NPCYC,NUCYC C430 ....
10O FORMAT (15,2G1 5.0, 1O0,G1O.C,G1 5.C,215) C 44

WRITE (6,120) ITMAX,DELT,TMAX,ITCYC,DTMULTDTMAXNPCYCNUCYC C5
120 FORMAT(1x1////11X,'T E M P 0 R A L C 0 N T R 0 L A N D C, 460..

*1 'S C L U T 1 0 N C, Y C L I N G 0 A T A', C470...
2 //11XoI15,-5X,'tAXIMUM ALLOWED NUMBER OF TIME STEPS' C480 ....

*3 /11X,1PD15.4,5XpINXTIAL TIME STEP (IN SECONDS)' 0490 ....
4 /l1X,1PD1S.4,5X,'MAXIMUM ALLOWED SIMULATION TIME (IN SECONDS)' C50C ....

*5 /I11X,I1SSXT'IME STEP MULTIPLIER CYCLE *(IN TIME STEPS)* C510 ....
6 /11X,0OPF15.5,5X'MULTILICATION FACTOR FOR TIME STEP CHANGE' C520 ....
7 /11X,1PD15.4,-5X,'MAX1MUM ALLOWED TIME STEP (;N SECONDS)' C53C ....
8 //1lXuIl5,-5X,'FLOW SOLUTION CYCLE (IN TIME STEPS)' C540...
9 f11X,I15,5X.-'TRANSPORT SOLUTION CYCLE (IN TIME STEPS)') C550...
IF(NPCYC.GE.1 .AND.NUCYC.GE.1) GCTO 140 0560 ....
WRITE (6,130 C570 ...

130 FOR'AT(/t1lXp'* *' ERROR DETECTED : BOTH NPCYC AND ', 580 ....
1 'NUICYC MUST BE SET GREATER THAN OR EQUAL TO 1.') C590 ....
INSTOP=INSTOP-1 0600 ....
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C SUBRCUTINE I N 0 A T 1 SUTRA - VERSION 12E4-20 C10 .....

140 IF(NPCYC.EQ.I.OR.NUCYC.EQ.1) GCTO 160 C610 ....

150 FORMAT(//IlX,'* * ** ERROR DETECTED EITHER NPCYC OR 'o C630 ....
1 °NUCYC MUST BE SET TO I.') C ! 4 ....

INSTOP=INSTOP-1 C 5 o0 ....

10C CONTINUE C660 ....
C ..... SET MAXIMUM ALLOWED TIME STEPS IN SIMULATION FOR C670 ....
C STEADY-STATE FLOW AND STEADY-STATE TRANSPORT SCLUTION MODES CtSo ....

IF(ISSFLO.EQ.1) THEN C690 ....
NPCYC=ITMAX+1 C70 .....-
NUCYC=I C71C ..... -. o.

ENDIF C720 .... .
IF(ISSTRA.EQ.1) ITMAX=l C730....

C C?4C ....
C ..... INPUT DATASET 7: OUTPUT CONTROLS AND OPTIONS C75C....

READ(5,170) NPRINTKNODAL,KELMNTKINCIDKPLOTPKPLOTUKVELKBUCG C760....
170 FORMAT(1615) C770 ....

WRITE(6,172) NPRINT C780 ....
172 FORMAT(////I1X,'O U T P U T C 0 N T R 0 L S A N D C790 ....

1 '0 P T I 0 N S'//11X,16,5X,'PRINTED OUTPUT CYCLE *, C GO ....
2 '(IN TIME STEPS)') CE1O ....
IF(KNOOAL.EQ.+) WRITE(6,174) C20 ....
IF(KNCDAL.EQ.O) WRITE(6,175) C 30....

174 FORMAT(/11X,'- PRINT NODE COORDINATES, THICKNESSES AND', CE40 ....
I " POROSITIES') C350 ....

175 FORMAT(/1IX,'- CANCEL PRINT OF NODE COORDINATES, THICKNESSES AND',C860 ....
1 . PCROSITIES') C370 ....
IF(KELMNT.EQ. 1) WRITE(6,176) C850 ....
Ic(KELMNT.EQ.O) WRITE(6,177) C?90 ....

176 FORMAT(11X,'- PRINT ELEMENT PERMEAEILITIES AND DISPERSIVITIES') C9CO ....
177 FORMAT(11X, °- CANCEL PRINT CF ELEMENT PERMEABILITIES AND ", C910 ....

1 'DISPERSIVITIES') C920 ....
IF(KINCID.EQ.+1) WRITE(6,-78) C930....
IF(KINCID.EQ.O) WRITE(6,179) C94 C....

178 FORMAT(11X,'- PRINT NOCE AND PINCH NODE INCIDENCES IN EACH , C9 5 C ....
1 'ELEMENT') C960 ....

179 FORMAT(11X,'- CANCEL PRINT OF NODE AND PINCH NODE INCIDENCES , CJ7C ....
1 'IN EACH ELEMENT') C9 8....
IF(KPLOTP.EQ.+1) WRITE(6,180) C190 ....
IF(KPLOTP.EQ.O) WRITE(6,18I) ClOOC...

180 FORMAT(/11X,'- PLCT PRESSURES CN EACH TIME STEP WITH OUTPUT') CiCI"
191 FORMAT(/11X,'- CANCEL PLOT OF PRESSURES') C12 ...

IME=2 C1 3c...
IF(ME.EQ.+ ) IME=1 C104C...
IF(KPLOTU.EQ.+1) WRITE(6,182) UTYPE(IME) CLC5C...
IF(KPLOTU.EQ.O) WRITE(6,183) UTYPE(IME) C1060...

132 FORMAT(llX,'- PLOT ',A14,' ON EACH TIME STEP WITH OUTPUT') C107C ...
1S3 FORMAT(11X,'- CANCEL PLOT OF ',A14) C1c ...

IF(KVEL.EC.+1) WRITE(6,184) C1090... 9
IF(KVEL.EQ.0) WRITE(6, 85) C C11C...

134 FORMAT(/11X,'- CALCULATE AND PRINT VELOCITIES AT ELEMENT', CliC...
I 'CENTRCIDS ON EACH TIME STEP WITH OUTPUT') Ci12C... .,

185 FORMAT(/I1X,'- CANCEL PRINT OF VELOCITIES') C 113D...
IF(KBUDG.EQ. 1) WRITE(6,186) STYPE(IME) C1140 ...
IF(KBUCG.EC.O) WRITE(6,187) C1150...

186 FORMAT(/I1X,'- CALCULATE AND PRINT FLUID AND ',A6,' BUDGETS ', C1150 ...
1 'ON EACH TIME STEP WITH OUTPUT') C117C...

187 FORMAT(I11X,'- CANCEL PRINT OF BUDGETS') C11C...
C c11c...
C ..... INPUT CATASET 8: ITERATION CONTOOLS C12cC ... .
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C SUBROUTINE I N 0 A T 1 SUTRA -VERS:ON 12.4-2C ClC ..

EAO( 5,1 90) ITRMAXRPMAX.RUPMAX C11lC .. .
190 FRA(lf 00 12 .

IF(ITRMAX-1 ) 192.1 92,194 C123C ..
192 WRITE(6ol93) C1 24C ..
193 FORMATCIII/11Xf*I T E R A T I C N C C N T R C L D A T A',- C1 2 5C'.. .

1 I11 X, NON-ITERATIVE SOLUTION*) C 1 2 6C ..
GOTO 196 Cl1 2 7C. .

.9194 wRITE(6,195) ITRMlAXtRPMAXtRUMAX Cl 2SC. .
Id195 FOR.4AT(IIII11X,'I T E R A T I C N C 0 N T R C L D A T A', C12,O. ..

1 //11X,I15,5X,'MAXIM0UM NUMiBER OF ITERATbONS FER TIME STEP', C1300..:
2 /11X,1P015.4p5Xr'ABSOLUTE CONVERGENCE CRITERION FOR FLOW',r C131C ...
3 ' SCLUTION'/l1X,1PD15.4,5X,'AESOLUTE CONVERGENCE CRITERICN'f ClS27C ...

*4 . FOR TRANSPORT SOLUTION') Cl 330...
196 CONTINUE C1 34C ...

C Cl 13 5C...
C. ....INPUT DATASET 9: FLUID PROPERTIES C 13 6C .. .

REAO( ,200) C0MPFLCW,SIGMAW,-RhOW,URHOW'd,DRWDU,VISCO C137C ...
C ......INPUT DATASET 10: SOLID MATRIX PROPERTIES C1330...

R=AD( 5o2OO) COMPMACSS IGMA S,RHOS C1390...
200O FORMATC8GlO.O) C14CC .. .

IF(M=.EQ.+l)C10.
I WRTE(6210)COMPFLCOMIPMACbI,CSVISCO,RMiOS,RH0WO,0RWDU.,URHCIO,Cl420...

2 SIGMAW,SIGMAS C1 430 .. .
210 FO.RMAT(1HlIIII11X,'C 0 N S T A N T P R 0 P E R T 1 E S 0 F', C144C...

*1 F FLU ID A ND SO0LI1D M AT R IX' C1450...
2 //I1X,lPD15.4,#5X,'COI4PRESSIBILI TY OF FLUID'/11 X,1 PD15.4,5Xf C146C ...
3 'COMPRESSIBILITY OF POROUS MATRIX'//11X,1PD15.4,5-X, C1470 ...
4 'SPECrIiC 4EAT CAPACITY OF FLUID'o/11X,1P'D15.4,5X, C1 430 ...

*5 'SPECIFIC HEAT CAPACITY OF SOLID GRAIN'//13X,'FLUID VISCOSITY'fC1.90 ...
*6 'IS CALCULATED BY SUTRA AS A FUNCTION CF TEMPERATURE IN , C130C ...

7 'UNITS OF Ckg/(m-s)3'//11X,1P015.4,5X,'VISCC, CONVERSION ' 15p Ci ...
8 'FACTOR FOR VISCOSITY UNITS, Eassired units] = VISCO*' C152C...

*9 'CkgI(m*s)]'I/11X,1PD15.4,5X,'OENSITY OF A SOLID GRAIN' C1530..:
* //13Xf'FLUID DENSITYf RHOW'/13XP'CALCULATED BY ', C1540 ...

1 'SUTRA IN TERMS OF TEMPERATURE.- U, AS:'/13xf'RHOW =RHOWO + ', C1550 ...
2 'DRWDU*(U-URHOWO)'//11X,1IPD15.4,SX,'FLUID BASE DENSITY.- RHOIWO' C156O...
3 /11X,1PD15.4,5Xo'COEFFICIENT OF DENSITY CHANG3E WITH ',C1570...

4 'TEMPERATURE, DRWDU'/IIX,1PO1S.4,5X,'TEMPERATURE, URHOWOP 'p C158C ...
5 'AT WHICH FLUID DENSITY IS AT eASE VALUE, RH-OWO' C159C ...
6 //11Xo1PDIS.4,5X,'THERMAL CCNCUCTIVITY OF FLUID' C150C...
7 /11X,1PD15.4,5Xv'THERMAL CONDUCTIVITY OF SOLID GRAIN') C1610...

*IF(ME.Era.-l) C162C ...
1 WRITE (6f120) COMP)FL,COMPMA,VISCCRHOS,RHOWODRWDU,URHlOWO,SIGMAWC1630 ...

220 FORMAT(tt4////I1XPC 0 N S T A N T P R 0 P E R T I E S 0 F', C1640 ...
I F L U I 0 A N 0 S 0 L I D M A T R I X' C165C ...
2 //11X,1PDI5.4,5X,'COMPRESSIeILITY OF FLuID'/llXt1PD15.4,5X, Cl6tO...
3 'COMPRESSIBILITY OF POROUS MATRIX'- Cl ±7C...
4 //il X1PD1 5.4,5Xp'FLUID VISCOSITY' C163C..
4 //11X,1PD1S.4,5X,'DENSITY OF A SOLID GRAIN' C169C...

* 5 //13X,*FLUID DENSITY, R4W/13XCALCULATED BY ',C170C...

*6 'SUTRA IN TERMS OF SOLUTE CCNCENTRATIDN, U, AS:', C17lO...
7 /13X,'RHOW 2RHOWO + DRWCU*(U-URHOWO)' C172C ...
8 *I/11X.IPD15.4,5X,'FLUID BASE DENSITY, RHOWO' C 17 30 .. .
9 /IIX,1P015.4,5X,'COEFFICIENT OF DENSITY CHANGE WITH ',C1740...

" SOLUTE CONCENTRATION.- CRWDU' C175C...
I /11X,1IPD15.4,5XP'SOLUTE CONCENTRATION, URHOWO, ' C176C ...
4 'AT WHICH FLUID DENSITY IS AT BASE VALUE, RHOWO' C177C ...
5 /II1X,1PD1S.4,5XP'MCLECULAR CIFFUSIVITY OF SOLUTE IN FLUID') C1790 ... q

C C 17 9C .. .
C ..... INPUT DATASET 11: AOSCRPTICN PARAMETERS Cisoc ...

320



C SUBROUTINE I N 0 A T 1 SuTRA -VERSION 12E4-20 C1O.....

READ(5,230) ADSM0CCHI1 ,CH;2 Cl21O...
23C FORMAT(AOG2C.0) C182C ...

IF(ME.EQ.+l) GOTO 248 C183C ..
IF(AOSMOJ).EQ.*NONE ')GOTC 234 Cl 340 ...
WRITE(6t232) AOSMOD Cle5C...

232 FORMAT(/I/11x,'A 0 S 0 R P T 1 0 N P A R A M E T E R S' Ci1S6SO.. .
1 //16X,-AlO,5X,'EQUILIBkIUM SORPTION ISOTHERM') C187C ...
GCTO 236 C15 ....

234 IJRITE(6o235) Cl 890 ..
235 FORMAT(I/111X,*A 0 S 0 R P T 1 0 N P A R A M E T E R S' C19jC ...

1 //16XPNON-SORBING SOLUTE') C191C ..
236 IF(UADSMOO.EQ.'NONE ').OR.(A0SMHCD.EQ.'LINEAR ').OR. c1 20 ...

1 (ADSMD.E.'FREUNDLICH').OR.(ADSMOD.EQ.LANGMUIR ') GOTO 238 C193C ...
WRITE (6.,237) Cl ;4C ...

237 FORMAT(II11X,-'* * ERROR DETECTED TYPE OF SORPTION MODEL ',Cl;5O...

1 'IS NOT SPECIFIED CCRRECTLY.'/11XoCHECK FOR TYPE AND, C196C ...
2 'SPELLING, AND THAT TYPE IS LEFT-JUSTIFIED IN INPUT FIELD') C1970 ...
INSTOP:INSTOP-1 C 1930 ...

238 IF(AOSMDD.EQ.'LINEAR ')WRITE(6,242) Chl C199C...
242 FORMAT(11X,1PD15.4,-5X,'LINEAR CISTRIEUTICN COEFFICIENT') C20CC ...

IF(AD)SMOO.EQ.'FREUNDLICH') WRITE(6t244) CHIl1,ClHI2 C201C ...
244 FORMAT(Ilx,1PD15.4,5x,'FREUNDLICK DISTRIBUTION COEFFICIEN~T' 02020 ... 6

1 /11X,1lPD15.4,5X,-'SECCND FREUNDLICHI COEFFICIENT') C203C ...
IF(ADSMOO.EQ. 'FRE-UNDLICH'.AND.CHI2.LE-.0) THEN C204C.. .
wRITE(6,.245) C205C ...

245 FOR,AT(I1x.,'* ** ERROR CETECTED SECOND COEFFICIENT C 2060 ...
1 'MUST BE GREATER ThAN ZERO' C207C ...
INSTOP=INSTOP-1 C2080 ...
E NDI F C209C ...

IF(ADSPOO.EQ.'LANGMUIR ' WRITE(5f246) CHI1,ChI2 C210C .. .
2.6 FORMAT(1X,1PD15.4,5X,'LANG,'4UR GISTRIBUTICN CCEFFICIENT' C211C ...

1 /11X1lPO15.4o5X,'SECONO LANGMUIR COEFFICIENT') 0212C0...
C 0213...
C ......INPUT DATASET 12: PRODUCT!ON OF ENERCGY OR SOLUTE MASS C214C ...

243 READC 5,200) PRODFOtPRO0SOPRODFlPRODS1 C215 5...
IF(ME.EQ.-l) WRITE(6o250) PRODFO.-PRODS~oPRCOF1,PROOS1 C216C...-

250 FORMAT(I//11lX,'P R 0 D U C T 1 0 N A N 0 0 E C A Y 0 F C,02 17C...
1 'S P E C I E S M A S S'//13X'PRODUCTIDN RATE (+)'/13X, 0218 ...
2 'DECAY RATE (-)'II11x,1PD)15.4.5X,'ZERO-ORDER RATE OF SOLUTE C,219C0...
3 'MASS PRODUCTION/[GECAY IN FLUID'/11X,1P015.4,5X, 02200 ...
4 'ZERO-ORDER RATE OF ADSCRBATE MASS PROCUCTICN/DECAY IN 'o 0221...
5 'IMPOBILE PHASE'/l1X,1P015.4,5X,'FIRST-ORDER RATE CF SOLUTE 'C222C ...
3 'MASS PRODUCTION/DECAY IN FLUIG'I11X,1PD15.4.5X,- C223C...
4 'FIRST-ORDER RATE OF AOSCRBATE MASS PRO3UCTIOfN/DECAY IN C 022 4...
5 'IMeO5ILE PHASE') C2250...

IF(ME-.EC..1 ) WRITE(6.-26C) PROCFO,PRODSO 0226 ...
250 FORMAT(I//IllX,'P R 0 0 U C T I 0 N A N 0 L 0 S S 0 F C~ 2270 ...

I 'E N E RG Y'//13,'PRODUCTION RATE (+)'/13X, C2230 ...
2 'LOSS RATE (-)'//lKlPC15.4,5XP'ZERO-ORDER RATE OF ENERGY ,C22-,C ...
3 'PRCOUCTION/LCSS IN FLUIC'Il1X,1lPD15.4,,5X, C230 ...
4 'ZERO-OPOER RATE OF ENERGY FFO:UOTION/LOSS IN 'o 0231 ...
S 'SOLID GRAINS') 0 23 2...

C ..... SET'PARAMETER SWITCHES FOR EITPER ENERGY OR SCLUTE TRANSPORT C233C0...
IF(ME) 272,272,274 0234...

C FOR SOLUTE TRANSPORT: C235C. ..
?72 C S . 0D 0 2360 .. .

C w . co C 23 7C .. .
SIG' AS zQ.o 0C 023 E0C...
GOTO 278 C230?C..

C FOR ENERZ.Y TRANSPORT: 02400",...

121



C SUEROCUTINE I N D A T 1 SUT;A -VERSION 1284-20 ClO ....

274 A:)SMDO=*NDNE C241C ...
CH 11 = 0.0 00 C242C .......
CH12=0.CDO C243C ...
PRODF 10.00 D C24 4C .. .
PROOS1=0.CDO C 2 45C ...

C DIVIDE SIGMA TO CANCEL MULTIPLICATION 3Y RHOW*CW C 24 6 C. .
C IN SUBROUTINE ELEMEN. C247C...

RCO=RHCWOtCW C248eC. ..
S!GmAW&SlGMAW/RC0 C 249 C ...
SIGMAS=SIGIIAS/RCO C?50C .. .

271 CONTINUE C251C ...
C C 25 2 C. ..
C .......TNPUT DATASET 13: ORIENTATICN CF COORDINATES TO GRAVITY C253C ...

READ( 5,200) GRAVXfGRAVY C254C ...
WRITE(6f32C) GRAVXPGRAVY C255C ...

320 FORMAT(II//llXf*C 0 0 R D I N A T E 0 R I E N T A T 1 0 N ',C2560 ...
1 'T 0 G R A V I T Y'//13X,*CCMPONENT OF GRAVITY VECTOR'.- C257C...
2 /13XIN +X DIRECTION, GRAVX'/11Xl.P015.4,5X. C258C ...
3 'GRAVX = -GRAY * O(ELEVATION)/DX'//13X,'COMPONENT OF GRAVITY'/ C2590...
4 . ECTOR'/13Xo*IN +Y DIRECTION, GRAVY'/l1~olPD1S.4o5X,- C26OC...
5 'GRAVY =-GRAY * D(ELEVATION)/DY') C261C ...

C C252C ...
C ......INPUT DATASETS 14A AND 14B: NCCEWISE DATA C263C...

READ( 5.33O) SCALX.SCALYtSCALTH,-PORFAC C264C...
330 FORMAT(5Xf4Gl0.O) C265C...

DO 450 11,PNN C266C .. .
R=AD (5,400) IIX(II),Y(II),THICK (II),PORCII) C267C ...

4CC FORMAT(15,e4G10.O) C26?C...
X (I!)=X (II)*SCALXC29...
Y(II)=Y(I'I)*SCALY C2700 ...
THICK (II)=THICK (II) *SCALTH C2710 ...
POR(Il)=POR(II)*PORFACC2C...

C SET SPECIFIC PRESSUR! STORATIVITY,- SOP. C273C ...
450 SOP(II)=C1 .DC-POR(II) )*CCMPMA+PCR(II)*C0MPFL C 2 7 4C ..
460 IF(KNOOAL.EQ.0) WRITE(6,469) SCALXSCALYPSCALTIJ.PORFAC C2 7 5C ..
469 FORMAT(1l11////11X,-'N 0 0 E I N F 0 R M A T 1 0 N11/16XP C2760 ...

1 'PRINTGUT OF NODE COORDINATES, THICKNESSES AND POROSITIES ', C277C...
2 'CANCELLED.'//16X.-'SCALE FACTORS :'/33Xo1?D15.4,5X,*'X-SCALE'/ C273C...
I 33X,lP015.4,5X,'Y-SCALE'*/33X,1P015.4,5X,'THICKNESS FACTOR,/ C279C. ..
2 33X,1 PD1 5.4,5WPORCS ITY FACTOR 1) C230c .. .
IF(KNODAL.EQ.+1) WqITE(6,470) (I,#X(I),Y(I),-THICK(I),POR(I)oI=1,NN)CB1C..

47C FORMAT(1H1II11Xp'N 0 D E I N F 0 R M A T I 0 N'//13X, C 2 S2 C .
I 'NiODE',7?X,'XC,16XK,'Y',17X,'THICKNESS'6XOPCROSITY'/t C 2 53C. .
2 (1 lXo16,3(3X,lPD14.5)p6X,GPFe.5)) C 2;4 C ..

C C) 8 5 C. ..
C ......INPUT DATASETS 15A AND 158: cLEV'ENTWISE DATA C296C0...

REA)(5,490) PMAXFAPMINFA,ANGFAC,ALMAXF,ALMINF,ATAVGF C237C ..
490 FORMAT(1DX,6G1C.C) C28?C ...

IFCKELM.NT.EQ.+1 ) WRITE (6,500) C 2-:9 C...
5OC FOR.9AT(1t11//11X,OE L E M E N T I N F 0 R M A T 1 0 N'// C2900..

1 1 1X,'ELEMENT',4X,'MAXIMUM',;X,'MkINIMUM',12X, C291C.*
2 'ANGLE 6ETWEEN',3Xp' MAXIMUM',5X,' MINIMUM',5X, C2920...
3 AVERAGE'/22X,'PERMEABILITY',4X,'PERMEABILITY',,4X, C2930...
4 *X-OIRECTION AND',3X,'LONGITUDINAL',3X,'LON'GITUDINAL'3X, C2940 ...
5 'TRANSVERSE'/5CX,-'MAXIMJM PERMEABILITY',3X,-'DISPERSIVITY', C295C ...
6 3XK,'DISPERSIVITY',3X,'ISPEPSIVTYO/58X,'(IN DEGREES) '//) C296C ...

3 0 550 LL1l,4E C 2 97 .. .
READ(5,510) L,PMAX,PMIN,ANGLEX,ALMAX(L),ALMIN(L)oATAVG(L) C20-Ec ..

510 FORMAT(11O6G1O.0) C299C ..
PMAXAPMAX*PMAXgA C300C..

322



C SUBROUTINE I N 0 A T 1 SUTRA -VERSION 12E4-20 C10.....

PMIN=PMIN*PMINFA C3010 ...
ANrLEX=ANGLEX*ANGFAC C302C .. .
ALMAX CL)=ALMAX CL) ALP4AXF C3030 ...
ALMIN (L) =ALMIN CL) *ALMINF C304C ...
ATAVG(L)=ATAVG(L) *ATAVGF C305C ...
IF(KELMNT.EQ.+l) WRITE(6f52O) L,PMAXfPMINANGLEX, C3C5C ...

1 ALMAX (L)fALMIN(L),ATAVG(L) C11070... -

520 FORMAT(11X,I7,2X,2(lPD14.,2X),EX,4(OPF1O.3,5X)) C3O?0 ... .
C C31C90 ...
C..ROTATE PERMEABILITY FROM MAXIMUtA/MINIMUM TO X/Y DIRECTIONS C310C ...

RA0IAX=1.745329O-2*ANGLEX C311C ...
SINA=DSINCRADIAX) C312C .........
COSA=DCOS(RADIAX) C313C...
SINA2=SINA*SINA C 314 C.. .
CCSA2=COSA*COSA C315C ..
P ER~MX XCL)=P.9AX*CO S A2+PMI N *SIN A2 C316C ..
PE-RMYY(L)=PMAX*SINA24PMIN*COSA2 C317C ...
PER MX Y L) =(PM AX-PM IN) *SIN A *CO SA C318C..
PERMYX(L)PERV4XY(L) C31 90 ...
PANGLE(L)=RADIAX C32CC ...

550 CONTINUE C321C ...
IF(KELMNT.EQ.0) C 32 2C .. .
1 WRITE (6,569) PMAXFAPMINFAPANGFACALMAXF,-ALMINFATAVGF C323C ...

569 FORMATCIII/11X,*E L E M E N T I N F d6 R M A T I 0 N'// C3240 ...
1 16XfPRINTOUT OF ELEMENT PERMEABILITIES AND DISPERSIVITIES ', C3250 ...
2 'CANCELLED.*//16Xf'SCALE FACTORS :'/33XflP015.4o5Xf'MAXIMUM *f C326C ...
1 'PERMEABILITY FACTOR'/33X,1lP'15.4,5X,'MINIMLM PERMEABILITY 'f C327C ...
2 'FACTORi/33XolPO15.4p5XfAhGLE FROM +X TO MAXIMUM DIRECTION'f C328C ...
3 FACTOR'/33X,1PD15.4,-5X,'KAXIMUM LONGITUDINAL DISPERSIVITY', C329C...-
4 'FACTOR'/33X,1PD15.4f5XP'MINIMUM LONGITUDINAL CISPERSIVI', C330C ...
5 *FACTOR'/33X,1PD15.4,5X,'TRANSVERSE DISPERSIVITY FACTOR') C331C ...

C C 33 2 0...
C ..... END SIMULATION FOR CORRECTIONS TO UNIT-5 DATA IF NECESSARY C333C ...

IF(INdSTOP.EQ.O) GOTO 1000 C3340 ...
WRITE (6,999) C3350 ... *

999 FORMAT(///II//11XP'PLEASE CORRECT INPUT DATA AND RERUN.', C336C ...
I ///22X,'S I M U L A T I 0 N H A L T E 0', C337C ...
2 /22X,'******************* *****~)C33QC ...
ENDFILE(6) C3 3 9C ...
STOP C3400 ...

C C3410'...
C C342C ...
1000 RETURN C3430 ...

END C34.4C ...
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C Sj8ROjTINE P L. 0 T SJTRA -VERSIONJ 1234.-2D D0 ..

C SiBROUTINE P L 0 T SUTRA -VERSION 1284-20 010 .

C DjqP)SE 030 ..
**TO READ PLOT SET-UP DATAP AND TO PLOT THE FINITE ELEMENT 040 ..

C 1* ES-4p THE PRESSURE SOLUTION AND/OR THE 'ONCENTRATION OR 050.
C TEMPERATiRE SOLUTION ON THE PRINTED OUTPuT PAGE. 063.

C 070 .
SU3R)UTINE PLOT (ICALLNPX.-,CCINDEXXXPYYCVEC) 080 ...
IMPLICIT JOUBLE PRECISION (A--4o0-Z) 090 ..
COMMON/KPRINT/ KNODALKELM4NTf,(.INCI0,KPLOTPKPL0TUKVE LK5UDG 0130...
:OMMO\4/CONTRL/ GN4J.UOPTMJLTJTMAXMEISSFLOISSTRAITCYC, 0110..:.

1 NiPCYCNUCYONPRINTIREADISTORENOUMATaIUNSAT 0120...
CO'MON/GI4S/ NNNENIN.,NBIN3,NBHALF,NP:NCHNPOC,-NUBC, 0130.....
1 NSOPNSOJN3CN 0140 ....
:HrARACTER*l DRNT(122)oSYM(17)pBLANK (60) 0150 ....
DOUBLE PRECISION 4X(5J0)i'NY(14) 0160 ....
CrIARACTER*4 0131IT(82)PVF1 (6)oVF2(6)fVF3(7) 0170 ....
DIME4SION K (10) ,N(10) 0180 ....
CHARACTER*30 TITLE~i ,4) 0190 ....
DIME4SION X(NN)..Y(NN) ,CC(NN),XX(NN),YY(NN),INDEX(NN) ,CVEC(NN) 0200...
DATA SYM/'12,3,4P5,P6 P7*,8,P9v0'', ,*Y* 02100
1U,.-',+/,PRNT/122** 'f.SLANK/60*' 'Ij'NDS/1I D220. .. .
DATADI I / , 3, 5 6 7 8, 13 1 , 2 30 0. .
l,14,'15,.16',17',18p-19*,20',21,22,23',24',25*,26* 0240 ....
2 p27,f28',29*,30,P31 ,'32,33*,34',35,P363,'3''83'90-250 ...
2'40', 41,82,83,84,85*,86',87',88*,89*,90',91 j'02 60...
1 92?,93*,94*,95',96,9 ,98,90,10,1O,2','103', 'D270 ....

31 15',116%,11 7,'118,119','120,121.,12?'/ 0290...
DATA TITLE/ * * N 0 0 E S D 300...

1 ** RESSJRE/PBASE * ' 310...
2 -**CONCENTRATION/CBASE * *D320....

3 ***TEMPERATUREITBASE * '1 0330...
DATA VF1/'(1-t D~*1F102)340....
DATA VF2/1(1H 4 A,1~,8) 0350 ....
DATA VF3/'(14J',,%. %,A1,F',3.0,,12F1 ,*0.2)'/ 0360...

C 0370...
C 0380 ....

IF(ICALL) 1130,1100o1 0390 ....
..... READ PLOT SETUP DATA (DATASET 16) 0400 ....11J0 READ(5,1200) IOIREC,NLINPI,NCrIAPIPNCHAPL D410S
1203 FOR?4AT(415) 0420....

PLTwID:(08LE(NCHAL)-13.ODO)I08LE(NCHAPI) 0430...
Ni NLINPI 0440 ....
N2=NCHAPI 0450 ....
NJ3=NCHAPL 0460 ....
XN11.00/(2. D0*N1) 0470 .... *N4XS1 0430
NYS1l 0490 ....
4IN'WPLTWID 0500. .. .

c 0520 ....
IF(KPL0TP.'4E.1) G)TO 1400 0530.... 7-
R7EAJ(5ol1300) PBASE 0)540.... -

13J3 cO4MAT(013.0) 0550...
1400 IF(KPLOTU.NE.1) GOTO 1500 0560...

READ(5,1330) j3ASE 0570 ....
15J0 CONTINUE 0530...

WRrTE(6,1 520) IDIREC,'LINPIpNCHAPIN'HAPL 0590. ..
1520 c0RIAT(III/11X,*P L 0 T I N F 0 R M A T 1 0 N'// 0 600. ..
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SUBROuTINE P 0 T SJTRA -VERSION 1284-20 010 ..

1 13XoPLOT ORIENTATION'/ 0610. .. .
2 I15,5X,,1)IREC........1 SMALL PLOT ACROSS PAPER,, =+l 0620 ....
3 LARGE PLOT ALDNG PAPER'//13x,LINE PRINTER CHARACTERISTICS'/ D630 ....
4 l1XpIl5p5X.*NJ45ER OF OUTPijT -0640. .. .
5 'LINES PER INCl'/11XI15,5X,-'NUMBER OF OUTPUT CHARACTERS', D650 ....

0 PER INC-4't11XfIl5,5XoMAXIMU4 NJMBER OF OUTPUT *f Do60 ....
7 Z:HARACTERS PER LINE') 0670 ....
IF(KDLOTP.NE.1) GIOTO 1540 D68 ... .
WRITE(6, 1530) PBASE 0690 ....

1530 FORMAT(//13x,'PRESSURE PLOT DATA'/11XPP15.4,5Xf 0700 ....
1 'PBASE .... PLOTTED PRESSURE VALUE IS PRESSURE/PBASE') 0710 ....

1540 IF(KPLOTU.NE.1) G)TO 1580 0720 ....
IF(ME) 1550o1550,1 SoO 0730....

1550 WRITE(6,1555) UBASE 0740 ....
1555 c0RMAT(//13XP'C0NCENTRATION PLOT DATA*/11X,1PD15.4,SX, 0750 ....

I 'J8ASE....PLOTTEO :ONCENTRATION VALUE IS CONCENTRATION/UBASE') 0760 ....
GOTO 1580 0770 ....

1560 WRITE(6o1565) UBASE 0780 ....
1565 F0RMAT(II13X,'TE4PERATURE PLOT DATA*/11X,lPD15.4f5XP 0790 ....

I 'JBASE .... PLOTTED TEMPERATURE VALUE IS TEMPERATURE/UBASE') 080) ....
1580 WRITE(6,1590) 0810. .. .
1590 FORMAT(//31XPTHE THREE DIGITS PLOTTED ARE THE ONE TO THE LEFTf, 0820 ....

1 /3lX,'AND THE TWO TO THE RIGHT OF THE DECIMAL POINT') 0830 ....

0840. .. .
. ... SET LONGER PLOT AXIS DOWN (IDIREC=+1) D850. ...

OR A:ROSS PAPER (IOIREC=-1) 0860 ....
SMALLX=0.00 0870 ....
SMALLYO0.00 D880 ....
BIGX=0.00 0890. .. .
BIGY =3. D 0900. ...
03 16J0 I~lNN c' 10 ... ..
IF(X (I) .GT.BIGX) 31GX=X (I) 0920 ....
IF(X (I).LT. SMALLX) SMALLX=X(I) 0930 ....
IF(Y (I).GT.*BIGY) BIGY=Y (I) 0940. .. .

1630 IF(Y (I) .LT. SMALLY) SMALLY=Y (I) 0950 ....
X RANSE=BIGX-SMALLX 0960 ....
YRAN;==BIiY-SMALLY 0970 ....
TENT-4x=XRANGE/10.)D3 0980 ....
TENT-IY=YRANGE/10.O 0990. .. .
IF(X4ANGE.GE.YRANGE.AND.IJIREC.NE.-l) KKKKK=+1 01000...
IF(XRANGE.'VE.YRAN.E.AND.IDIREC.EQ.-l) KKKKK=-1 010 10 .. .
IF(XRANGE.LT.YRANJE.A,4:O.IDIRE:.NE.-1 ) KKKKK=-l 0 10 20 .. .
IF(XRANGE.LT.YRA J;E.ANO.IJIREC.E3.-1 ) KKKIK:*1 01030 ...
IF(K KKK.EQ.-1) G)TO 344 01040 .. .
XMIN=SAL-TN4 01050...
XMAX~aIGX+TENTHX 010O0O...
YMIN=SMALLY-TENTHY 01370 ...
YmAx=31GY+TENTHY 01080 ...
GOTO 345 01 090 .. .

344 X4I.SMALLY-TENTHY 01130 ...
XMAX=BIG.Y*TENT-4Y 01110 ...
YMIN=SMALLX-T ENTHX 01120 ...
YMA=31x*TENTIA 01 130 .. .

345 CJNTINUE 011 40C... ...
XkAN3E=ARAGc*1.2JD~ 01153 ...-
Y RANGJE =YRPA ' ,*1. 2)00 01 1 t 0...
IF(KKKKK.E..1 ) NI'X(NNY/YRJG2*P%,3E+.53D2 Dl1i?7).. .
lF(Kx~,K.E .- l) N %EYR E+0.533 31 150o.. .

0l1190 .. .
INITIALIZE PLOT JO R 1 AT ES. .. ROTATE- IF PE AREZ) (Wmat KK KK:-l) 01 2 -3 .. .
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SUBROJTINE C 3 N N E C SUTRA - VERSION 1284-20 H10 .....

IF(KINCID.EQ.0) G)TO 1000 H610....
WRITE(6,650) L,(IN(M),M=MI,M4) H620....

550 FORMAT(11X,'ELEMENT°,6,5x, 4ODES AT :,6X,-CORNERS -, H630....

1 5(1H*),416,1X,5(14*)) H640..
IF(LL.LT.O) WRITE(6,73O)(IEOGE(M),M=I,4) H650.

700 rORMAT(11X,'ED ES',4I1) HO60....
r 91?0O.. ..

1300 CONTINUE 44680....
IF(IPIN.E .0) GOTO 5030 H690....
IF(IPIN.EW.NPINCH-1) JOTO 1500 H700....
WRITE(6,1450) IPIN,NPINCH H710....

1450 PORMAT(//////11X,'ACTJAL NUMBER OF PINCh NODES,,I4, m720....
1 , DIFFERS PROM NJ4BER ALLOWED AS SPECIFIED IN INPUT, ,14// H730....

2 11x,°PLEASE CORRE:T INPUT JATA AND/OR DIMENSIONS AND RERuN.* H740....
3 /I//III/2?XPS I M U L A T I 0 N H A L T E D*/ H750....

22X, ) H760..
STOP H770....

H780..
1500 CONTINUE H790....

IF(KINCID.EQ.0) GOTO 5000 H800....
wRITE(6,3000) H810....

30J0 FORMAT(/////11X,***h PINCH NODE CONNECTIONS ***l*//7x, H820.... 0
1 'PINCH NO3E*,1?X,%ONNECTED NO0ES°///) H830....
DO 4.00 I=lIlPIN H840....

4300 WRITE(6,4500) (IPINCH(INP),NP=1,3) H4850..
4500 FORMAT(11X,I6,10X,216) 4860....

C H870.
C H880....
5300 RETURN H890....

END H900....

,a

--
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S SR)UTINE C J N N E C SuTRA - VERSION 1234-2C H10 .....
u~20 ..

* JRP)SE 3H30 .....
TO READ ,9RAN;Z, AND C IECK DATA 04 NODE INCIDENCES AND H40 .....
PIN :- NODE t4CLDENCE . H50 .....

Ho0 .. .. .

3uBR3 TINE 23NNC: (INPINH) H70 .....
IMPLI IT OJ3LE PRECISION (A-1,O-Z) H80 ... ..
Z DM 4 I/01MS/ NN, ,NI1,NB1,N3,N815LF,NP1NC,NPBC,NU3C, H90 .....

1 NSDP,NSCOjo' CN 1130 ....
:JMMJN/KPRINT/ KNDOALKELMNTKINCi),PLOTP,KPLOTUKVELKBUOG H110....

DIMENSION (NIN) , IPI NCH(NPINC 1, 3) H1 20 ....
DI'4EjNSION IIN(4),IEOGE(4),IK(3) H1 30 ....
DATA IK/1,2,2,3,3,4,4,I/ H140 ....

H1 50 ....
I T0P=0 H160 ....
IP IN =j H1 70 ....
IF(KINCIO.E .D) WRITE(6,1) H180 ....

1 r3RMAT(1HII/I/I X,'M E S H C 0 N N E C T I 0 N 0 A T A'// H190 ....
1 15X,PRINTOUT )F NODAL INCIDENCES AND PINCH NODE , H200 ....
2 "CJNNECTIONS CANCELLED.') H210 ....
IF(KINCIO.EQ.+I) WRITE(6,2) H220 ....

2 =ORMAT(H1/I/I/ 11X,'M E S 1 C 0 j N E C T I 0 N 0 A T A', H230 ....
1 /I111X,'**** NODAL INCIDENCES **IiI) H240 ...

C H250. ..
.INPUT DATASET 22 AND :HECK FOR ERRORS H260 ...

00 13)0 L=1,NE H270 ....
DO 4 I=1,4 H280 .. ..

4 IEDGE(I)=O H290 ....
READ(5,10) LL,(IIN(II),II=I,4) H300 ....

1) FORMAT(5I6) H310 ...
...... PREPARE NODE INCIDENCE LIST FOR MESH, IN. m320 ...

30 5 11=1,,4 H330 ....
IlI=Il+(L-1)*4 H340 ....

5 IN(III)=IN(II) 1350 ....
IF(IABS(LL).E .L) GOT) 25 H360..
WRITE(6,20) LL H370....

20 rORMAT(IIX,ELEME4T ,16i,'INCIOENCE DATA IS NOT IN NUMERICAL', H380 ....
1 " ORDER IN THE DATA SET') H390..
ISTO==ISTOP*1 H400 ...

25 IF(LL.GE.0) OT0 500 410 .... .

H420 ....
E A O ( 5 , $ O ) ( I E G E ( ) , I = , ) H 4 3 .. ..*

30 =ORMAT(41b) H440 ....
. . REPARE PINC 1 NODE INZIDENCE LIST FOR MESH, IPINCH. H450 ....

33 2J0 K=1,4 H460 ....
I=IE jE(K) H470 ...
IF(I) 200,20],100 M480 ....

13) IPIN=IPIN I H490 ....
IPINl(IPIN,I)=I H500. . ..
K1=2*K-l 4510 ....

K& := 1Kl 1 H520 ...
K K =IK(KKI) H530 ....

K&K2=IK(KK2) H540 ....

IPIN:H(IPIN,2)=IIN(KK(I) H550 ....
lal%:,l(IPIN,3)=IIN(Kr-2) m560 ... .

?jJ CjNTI4UEB H570 ... .

53] '41=(L-1 ) I H590 ...
4 :1'1 + 3 4630 ... S



C SUBROJTINE 0 5 S E R V SUTRA VERSION 1284-2D GO .....

WRITE(6,300) (IOBS(JJ),JJ=I,NDBS) G010 ....
300 FORMAT((11X,16(3XI6))) G620 ....

IF(JSTOP.EQ.O) DOTO 400 G630 ....
C ..... END SIMULATI3N IF CORRECTIONS ARE NECESSARY IN DATASET 21 G640 ....

WRITE(6,350) IOBNOBS G650 ....
350 FORMAT(///I1X,A:TUAL NUMBER OF OBSERVATION NODES', G660 ....

1 " READ, ",15,, IS NOT EQUAL TO NJMBER SPECIFIED IN', G670 ....
2 * INPUT, *,51//11X,'PLEASE CORRECT DATA AND RERUN.', G680 .... 
3 ///I//22X,°S I M U L A T I 0 N H A L T E D/ G690 ....
4 22x ----------------------------------) GTO0 ....
STOP G710 .... -

400 RETURN G720 ....
C G730 .... --

C ..... MAKE OBSERVATIONS EACI NOBCYC TIME STEPS G740 ....
500 CONTINUE G750 ....

IF(MD0(ITNOBCYC).NE.3.AND.IT.GT.1.ANO.ISTOP.EQ.O) RETURN G760 ....
IF(IT.EQ.O) RETJRN G770 ....

ITCNT=ITCNT I G780 ....
ITOBS(ITCNT)=IT G790 ....
OBSTIM(ITCNT)=TSE: G800 ....
O0 1)00 JJ=1,NOBS G810 ....
I=IOBS(JJ) G820 ....
POBS(JJ,ITCNT)=PVEC(I) G830 ....

UOBS(JJITCNT)=UVEC(I) G840 ....
1000 CONTINUE G850 ....

RETURN G860 .....-

C G870 ....
C ..... OUTPUT OBSERVATIONS G880 ....
5300 CONTINUE G890 .0...

MN=2 G900 ....
IF(M=E.EQ.-I) MN=I G910 ....
JJ2=0 G920 ....
MLOP= (NOB S+3)/4 G930 ....
DO 7000 LOOP=IML3OP G940 ....
JJl=JjZ+1 G950 .... -

JJ2=JJ2+4 G960 ....
IF( OOP.EQ.MLOOP) JJ2=NOBS G970 ....
WRITE(6,5999) (IDBS(JJ),JJ=JJ1,JJ2) G980 ....

5999 FORMAT(1H1//I5x,'D B S E R V A T I 0 N G 0990 ....
1 N 0 D E 0 A T A°//123x,4(:8X,'NODE ,15,8X)) G1000...
WRITE(6,6000) (UNDERS,JJ=JJ1,JJ2) G1010...

6'00 rDRMAT( 23X,4(:8X, A10 , 8X)) G1020...
WRITE(6,6301) (UNAME(9N),JJ=JJ1,JJ2) Gi 030...

63ul cORMAT(/lx,'TIME STEP',4XrTIE(SEC)',4(:2X,'PRESSURE',3X,A13)) G1040...
DO 0500 ITT=1,IT:NT G1350...

WRITE(6,6100) IT33S(ITT),3BSTIM(ITT), GlOoO... .
1 (PJBS(JJ, ITT),JObS(JJ,ITT),JJ=JJIJJ2) G1070 ...

ti1)J =RQ4T(5x,15,1x,1P012.5,8(1x,1PD12.5) ) 01380...

65J) 'ONTI 'UE G1090...
7)00 "ONTI'uE G1100...

RETu ', G 1110...
0 1120...

~ G 113...
E ND Gl114 0 .. .. .

3 I"
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S3k)TNE0 T RT A V E R I d D 1 2
C Sj3RDjTINE 0 3 S E R V SuTRA -VERSION 1284-20 Gi.

G23.
PjRPOSE G30..

C I1) TO READ AND ORGANIZE OBSERVATION NOOE DATA G43 .
(2) TO MAKE 08SE-RVAT1ONS ON PARTICuLAR TIM1E STEPS G65 0.
(3) TO OUTPUT O3SERV4TIONS AFTER COMPLETION OF SIMULATION Gb .

C G70 ....
SUBROUTINE O3SERV(CICALL,1085,PITOBSPPBS, JO3Sf OBSTIMPVECeUVEC, G80..

1 ISTOP) G 9 0.
IMPLICIT DOU3LE PRECISION (A--I,O-Z) G6100...
CHARA.TER*1 3 UNAME (2) G6110. ...
CiARAZTEQ*1 0 UNOERS 5120. ...
CJMMO'4/OIMS/ NN,NINNSINBNBIALFNPINCHNPBCNUBC, G130 -

1 NSOPtNSO~jN3CN G140 ....
CJMMONICONTRLI GNJUPDTMJLTJTM4AX,,ME, ISSFLOISSTRA,ITCYC,- G150 ....

1 N )CYCNUCYCvNPRINTIREAD, ISTORENOUMAT,-IUNSAT 6160..
COMMON/TIMF/ JELTTSE~oTMINTIOURTOAYT4EEKTMONTHTYEAR, G170..:'

1 TMAXDELTPDELTUDLTPM1 ,DLTUM1 ,ITITMAX 6180...
:3M~M3N/0BSI 4OBSNrNTO3SNf4OBCYC.,ITCNT G190..:.
DIMENSION INO3(16) G200 ....
DIMENSION IOBS(NO3SN),POBS(NOBSNNTOBSN),UOBS(NOBSNNTO8SN), G210 ....

1 O3STIM(NTOBSN),ITOBS(NTOBSN) .PVECCNN).UVEC(NN) G220 ....
DATA UNAME(1 )/ CONCENTRATION*/,UNAME(2)/' TEMPERATURE*/.- G230 ....

1 U'4DERS/ ......../, G240 ....
1 ITCNT/0)/ G250...

G260. .. .
C .. ....OBS IS ACTUAL NUMBER OF 03SERVATION NODES G270. ..
: .. NTOBS IS 4AXIMUM 14UMBER OF TIME STEPS WITH1 OBSERVATIONS 6230

N3BS=NOBSN-1 G290...
NTOBS=NTOBSN-2 G300 ....
IF(ICALL-1) 53,50O,5030 G310 ....

C G320 . . ..
C ......INITIALIZATION CALL G330 ....
...... INPUT DATASET 21 G340 ..

50 CONTINUE G350. .. .
JSTOP=O G360...
WRITE(6o60) G370 ....

60 FORMAT(////11x,0O B S E R V A T 1 0 N N4 0 0 E S5) G 38 0 ..
READ(5,65) N3BCYC G390..:.*

o5 FORMAT(I1O) G400 ..
WRITE(6,70) NOSCY- G410 ....

70 CORMAT(//11Xp,**r* NO)ES AT W-I!CH OBSERVATIONS WILL BE MADEf G420 ....
1 'EVERY'PI5,' TIME STEPS G**/ 430 ....

NT08SP=ITMAX/NOBCYC 6440 .. .... 2
IF(NTOBSP.GT.NTOSS) WRITE(6,83) NTOBSPNTOBSPPITMAX G.450. .. .

80 PJRMAT(//11X,'- 4 A R N I N G 11/lX, G460. .. .
1 'NUMBER~ OF OBSERVATION STEPS SPECIFIED 'o15, G470...
2 1, IS LESS THAN THE NU4BER POSSIBLE ',15,','/ 6480 5:
3 11X,'WITr4IN T41 MAXIMUM NUMBER OF ALLOWED TIME STEPS, *,15,'.'/G490 ....
'. 11X,'PLEASE REON14IRM THAT OBSERVATION COUNTS ARE CORRECT.*//) G500....

100 READ(5,150) IN0B 6 5 10. .. .
153 F)RM4T(1615) G520 ....

I J3=0 6530. .. .
DO 230 J:11 6jlll540 ....

IFI3(J)~.)GJTD 25) 65505
1 j3 =I j +1 G65 60 ....*
IJiS(IO3)=INOB(JJ) 6570....

?A~ C3NTI'4UE 6530 ....
IF(ID13.LT.N035) S)TO 100 G590...

250 IF(13B.NE.NO3S) JST0P~1 6600 .. ..

330(



. .. . ..-.--.-. . ..--.- -- -...-. o - .

SUBR3UTINE 5 0 U N 0 SUTRA - VERSION 1 -20 F10 ..... -.

C F1210...
6030 IF(IPaCT.EQ.-l.OR.IUBZT.E .- I) WRITE(6,7O0) F1220 ...
7300 FJRAT( IIIlXrTHIE SPECIFIED TIME VARIATIONS ARE F, F1230...

1 *JSER-PRORAMMED IN SU8ROUTINE B C T I M E .) F1240 ...
C F1250... 

F1 260...
RETURN r1270 ...
END F1280 ...
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Sj3k)jTINc; 3 D 'N STRA - VcRSION 1284-2D FI ". .

216 =ORMAT(//l11X,'TIME-DEPENDENT SPECIFIED PRESSURE'/12X,°OR INFLOW *,F610....
1 "TEMPERATJRE IDICATEO'/12X,*BY NEGATIVE NODE NUMBER') F620.... "

400 IF(NJBC.E.0) SOTJ 2030 F630 ..
Fo40 ....

IF(ME) 500,53,55) P650 ....
530 WRITE(6,1J00) o60 ...
1)30 F3RRMAT(////11X,'**** NODES AT WHIH SOLUTE CONCENTRATIONS ARE , Fo70 ....

1 'SPECIFIED TO BE INDEPENDENT OF LOCAL FLOWS AND FLUID SOURCES',F630....
2 " ***'/I12X, ODE*,13X,'CONCENTRATION'//) P690....
30TO 1120 F700 ...

550 WRITE(6,1001) F71 0. .-. ".
131 FPRMAT(////11X,***** NODES AT WHICH TEMPERATURES ARE , F720 ....

I SPECIFIED TO BE INDEPENOENT OF LOCAL FLOWS AND FLUID SOURCES',F730 ....
2 " *****//12X,°NOE',15X,'TEMPERATURE'//) F740 ....

C F750 ... .
..... INPUT FATASET 23 F760 ...
1120 IPU=IPU+ F770 ...

READ(5,150) IJBC(IPU) ,UBC(IPU) F780 ....
IF(IJSC(IPU).LT.O) IU3CT=-I F790 ....

IF(IJBC(IPU).EQ.O) GOTO 1180 F800 ....
IF(IJBC(IPU).GT.O) WRITE(6,1150) IU8C(IPU),UBC(IPU) F810....
IF(IJBC(IPU).LT.0) wRITE(6,1150) IUBC(IPU) F820 ....

1150 FORMAT(11X,15,6X,lPD2).13) F830 ...
GOTO 1120 F840 ....

1180 IPU=IPU-1 F850 ....

IU=IU-IP F860 ....
IF(IJ.EQ.NUBC) GOTO 1200 F870 ....

ISTOPU=I F880 ....
1200 IF(IJBCT.NE.-1) GOTO 2000 F890 ....

IF(ME) 1205,1205,1215 F900 ....
1205 WRITE(6,1206) F910 ....

1206 CJRMAT(//12X,*TIME-DEPENDENT SPECIFIED CONCENTRATION'/12X,*IS ', F920....
I "INDICATED BY NEGATIVE NODE NUMBER') F930.."

OTO 2000 F940 ....
1215 WRITE(6,1216) F950 .... ..
1216 FORMAT(//11X,*TIME-DEPENDENT SPECIFIED TEMPERATURE*/12X,'IS F, 960....

1 'INDICATED BY NEGATIVE NODE NUMBER') P970....
S FP980 ....

..... END SIMULATION IF THERE NEED BE CORRECTIONS TO OATASET 19 OR 20 F990 ....
230 IF(ISTOPP.EQ.O.AND.ISTOPU.EQ.3) GOTO 6000 F1000...

IF(ISTOPP.EQ.1) WRITE(6,3300) IPNPBC F1010...
3300 FORMAT(///t1X,A TUAL NUMBER OF SPECIFIED PRESSURE NODES', F1020...

1 READ, ',15,', IS NOT EQUAL TO NUMBER SPECIFIED IN', F1030...
2 INPUT, ',15) F1040...

IF(ME) 3500,3500O4600 F1050...
3500 IF(ISTOPU.EQ.1) WRITE(6,4000) IU,NUBC F1060... j
4000 FORMAT(////11X,'A:TUAL NUMBER OF SPECIFIED CONCENTRATION NODES', F1070...

I * READ, *,I5,', IS NOT EQJ L TO NUMBER SPECIFIED IN-, F1080 ...
2 . INPUT, ',15) F1090...

5OTO 4800 F1100...
6))3 IF(ISTOPU.EQ.1) WRITE(6,4700) IUNUBC F1110...

47J3 FORMAT(////11X,*A:TUAL NUMBER OF SPECIFIED TEMPERATURE NODES', F1120...
1 ' READ, ',15,', IS NOT EQUAL TO NJMBER SPECIFIED IN', F1130...
2 INPUT, ',15) F1140...

4.3 j3 RITE(6,5030) F1150...
5)JO FJRMAT(////11X,'PrEASE CORRECT DATA AND RERUN.*//I//// F 1160 ...

1 22,'S IM J L A T I O N r A L T E 0'/ F1170...2 2 2 , X) F1180 ...
E,'430FILE(6)--------------- F 119 0. .. "
STOP F1200...

22*, P180..

ENIE 6 1-0.

S



C SjBR3uTINE B 3 U N D SUTRA - VERSION 1284-2D F1O .....

C SUBROUTINE B 3 U N D SUTRA - VERSION 1234-2D FI .....
C F20 .....
C * PURPOSE F30 .....
C *** TO READ AND ORGANIZE SPE:IFIED PRESSURE DATA AND =4 .

*** SPECIFIED TEMPERATURE OR CONOENTRATION DATA. F59 .....

F F ....

SUBROUTINE BOJND(IPBCPBCIUBCUBCIPBCTIUBCT) F70 .....
IMPLICIT DOUBLE PRECISION (A-IO-Z) F80 .. .. ...

COMMON/DIMS/ NNNENINNBINBNBHALFNPINCHNPBCNUBC, F93 .....
1 NSOPNSOU,N3CN F100. ...
COMMON/CONTRL/ GNJ,UP,DTMULT,3TMAXMEISSFLOISSTRAITCYC, F110....

1 NPCYC,NUCYC,NPRINTIREADISTORE,NDUMATIUNSAT F120 ....

DIME'4ION IPBC(NB:N)PPBC(NBCN),IUBC(NBCN),UBC(NBCN) P130 ....
c F 1 40 ....

F150....
I PBC T= l Fl 60....
IUBCT=I F170 ....
ISTOPP=O F180 ....
ISTOPU=O F190 ....
IPU=3 F200 ....
WRITE(6,50) F210 .....

50 rORMAT(1H1////11X,'B 3 U N 0 A R Y C 0 N 0 I T I 0 N S*) F220 ...
IF(NOBC.EQ.0) SOTO 403 F230 ....
WRITE(6,100) F240 ...

100 FORMAT(//11X,'**** NODES AT WHICH PRESSURES ARE, F250 ....

I - SPECIFIED ****) 260 .. .
IF(ME) 107,137,114 F270 ....

107 WRITE(6,108) F280...
108 FORMAT(I1X,* (AS WELL AS SOLUTE CONCENTRATION OF ANY' F290 ...

1 /16X," FLUID IlFLO3 WHICH 4AY OCCUR AT THE POINT' F300 ....
2 /16X," OF SPECIFIED PRESSURE)'//12X,°NODE*,18X,'PRESSURE ° , F310 ....
3 13X,'CONCENTRATION'//) F320 ....
GOTO 120 F330 .. .

114 WRITE(6,115) F340 .... - "
I 115 FORMAT(11X,' (AS WELL AS TEMPERATURE [DEGREES CELCIUS] OF ANY'F350....

1 /I1X," FLUID INFLOW WHICH MAY OCCUR AT THE POINT' F360 .... 77
2 /16X," OF SPECIFIED PRESSURE)'//12x,'NODE*,18X, F370. ..-.
2 "PRESSURE*,13X, °  TEMPERATJRE'//) F380 ....

C F390 ....
C ..... INPUT DATASET 14 F400 ....

120 IPU=IPU+l F410 ....
READ(5,150) IPBC(IPU),PBC(IPU),UBC(IPU) F420 ....

150 FORMAT(I5,2G20.0) F430 .... 
IF(IPBC(IPU).LT.0) IP3CT=-I F440 ....

IF(IPBC(IPu).E .O) GOTO IS0 F450. . . .
IF(IP8C(IPU).GT.0) wRITE(6,1 0) IPBC(:' ),o C(IPU),LRC(IPU) F460 ....
IF(IPBC(IPU).LT.0) wRITE(b,16 ) IPBC(IrJ) F470 ....

lo 3 ORMAT(IIx,15,6x,1PD23.13,6X,lP2J.13 F480 ....
SOTO 120 F490 .... ".

1do IPU=IPU-1 F500 ....

IP=I5J 51 0. ..
IF(ID.EQ.NPb " ) GOTO 200 F520 ....
ISTOPP=I F530 ....

230 IF(IDBCT.NE.-1) ,3TO 400 F540 ....
IF(ME) 205,2D5,215 F550 ....

205 WRITE(6,2J6) r 5 6 0 .... % "

r Q 4 A (5I T 4 -3E E N T S P i 1 OP INFLOW ',r57....
1 2~4T2 I4 ::T (:/,2A1Y C .'!DO .... " *

3 '4 Z . TRB

. 9 . .. .. .

I T 6,-2 •. ,



S 3 3j U k L -TR vck>IjNJZ 14-ej ZIJ ...

E 10F I LE (6) E1210..
STOP El1 220 .. .

1760 WRITE(6f1770) NIIJoNSJUI E 12 330.. .
1770 FORMAT(////11XPTIE NJ'4BER OF ENERGY SOURCE NODES READf ',15p E1240 ...

1 *IS NOT EQUAL TO THE NUMB~ER SPECIFIEo 'P15//// E1250 ...
2 llXPPLEASE CORRECT DATA AID RERuN*/////II/ E1260...
3 22xr,5 I*4 UL A T 1I0N Il A L T E 0D/ E 12 7 0 ..
4 22x,------------------------------------) E1280... 0

*ENOFILE(o) E 12 9 0
- STOP E 13 00..

-. 1890 IF(iQSOuT.EQ.-1) 4RITE(6.,900) E 1310 .. .
C E1320 .. .

?30JI0 RETURN El 330 .. .
El 340 ...

END E 13 50 .. .

332)



SUBROJTINE S 3 U R C E SUTRA - VERSION 1284-20 E1O ..... 

46O WRITE(6,500) I C ,QINCUINC E610 ....
500 FORMAT (1lX,Il0,13v.,IPE14. 7,16X,1PE1 4.7) EO20 ....

500 GOTO 300 E00 ....
700 IF(NIQP.E .NSOPI) GOTO 890 E640 ....

C ..... END SIMULATION IF THERE NEED 3E CORRECTIONS TO DATASET 17 Eo50 ...
WRITE (6,750) NIQPNSOPI E660 ...

750 FORMAT(////11X,'TIE NJMBER OF FLUID SOURCE NODES READ, *t15, E670 ....
1 . IS NOT EQUAL TO THE NUMBER SPECIFIED, ',1511/1 E680 ....
2 11X,'PLEASE CORRECT DATA AND RERUN'/IIIII/ Eo90 ....
3 22x,'S I 4 U L A T I 0 N H A L T E D'/ E700. .. .
4 22X," °) E710 ....
ENDFILE(6) E720 ....
STOP E730 ....

390 IF(IJSOPT.EQ.-l) dRITE(6,9O0) E740 ....
933 FORMAT(I/II11X,'THE SPECIFIED TIME VARIATIONS ARE ", E750 ....

1 'JSER-PROGRAMMED IN SUBROUTINE B C T I M E .') E760 ....
C E770 ....
C E730 ....
1030 IF(NSOUI.EQ.O) GOTO 9000 E790 ....

IF(ME) 1050o1050P1150 E800 ....
1350 WRITE(6,1100) E810 ....
1130 FORMAT(/III/I/I llxS 0 L U T E S 3 U R C E 0 A T A' E820 ....

1 /Ii/11X,'**** NODES AT WHICH SOURCES OR SINKS OF SOLUTE - E830 ....
2 'MASS ARE SPECIFIED ****'/I11X,'NODE NUMBER',1OX, E840 ....
3 'SOLUTE SOURCE( )/SINK(-)'/11X,'(MINUS INDICATES',5X, E850 .....
4 '(SOLUTE 4ASS/SECOqD)'12X,'TIME-VARYING'I12X, E860 ....
5 'SOURCE OR SINK)'//) E870 ....
GOTO 1300 E880 ....

1150 WRITE(6,1200) E890 ....
1200 FORMAT(//II//II11X,'E N E R Y Y S 3 U R C E D A T A' E930 ....

1 I/IIllX,'**** NODES AT WHICH SOURCES OR SINKS OF ", E910 ....

2 'ENERGY ARE SPECIFIED ****'II11X,'NODE NUM8ER.,IOX, E920 ....
3 'ENERGY SOURCE(+)/SINK(-)/11Xp,'(INUS INDICATES°,5X, E930 ....
4 "(ENERaY/SECOND)*I12X,'TIME-VARYING'/12X, E940 ....
5 'SOURCE OR SINK)'//) E950 ....

C E960 ....
C ..... INPUT DATASET 18 E970 ....
1330 CONTINUE E980 ....

REAO(5,400) IQCU, UIN: E990 ....
IF(I2CU.EQ.0) GOT) 1730 ElO00..
NIQU=NIQU+I El01O...
IQSOJ(NIQU)=IQCU E1020...
IF(I CU.LT.0) IQSDUT=-1 E1030...
IQU=IABS(IQCJ) El 040...
JUIN(IQU)=QUINC E1050 ..
IF(ICU.GT.0) GOT3 1450 El060...
WRITE(6,1500) IQCJ E1070...
GOTO 1600 E1080...

145) WRITE(6,1500) IQCJQUINC E1090... --.
1500 F3RMAT(1lX,1I3,13X,1PE14.7) El 100 ...
1530 ;3TO 1330 El 110...
1700 IF(NIQU.E3.NSOUI) GOTJ 1893 El 120...

C ..... END SIMULATION Ir THERE NEED BE CORRECTIONS TO DATASET 18 E1130... '

IF(ME) 1740,1740,1760 El10...
1740 WRITE(6,l750) NI JNS3UI E1150...
1750 FORMAT(/I//lX,'TlE NJMBER OF SOLUTE SOuPCE NODES READ, ',15, E1loD...

I IS NOT EQUAL TO THE NUM3ER SPECIFIED, *,15//// E1170...

2 11x, PLEASE CORRECT DATA AND RERLN'////I// El160...
3 22A,'S I m U L A T I O N HALTE'/ E1193...

22x," E1200 ...

4 331-



- S6B)..TINE S 0 U R C E SUTR A - VE R )IN 12 3,#-2D E I J ..1

C SU3R)JTINE S 3U R C E SUTRA -VERSION 129*.20 E1l..
C~~ 223..

P JRP3SE E33 ..
- TO READ AND JRGA14IZE FLUID MASS SOURCE DATA AND ENErGY OR E 4 0.

.* SOLJTE MASS SOUR:E DATA. ES).

SuBR)JTINE S~R~IoIfJOfU~IS~ISPf OT E70 ..
IMPLICIT D0u3LE PRECISION (A-ifO-Z) 20

OM-0MM3/DI4S/ EENNNINB4LDNHN8,UC 9) ....
I N3OP,-NSOUpN8CN E2130 ... .

COMMON/CONTRL/ G'4joUPOTMJLT,3TMAAME. ISSFLO, ISSTRA, ITCYCI E110 ....
I N DOYCNUCYCNPRINT,IRE4DISTORENOJMATIUNSAT ;-120 ....

DIMENSION IN(NN) UIN(NN) oI S)P (450P). QUIN (NN) oIQSOU 04SOU) E 13 0. .. .

NSOP IS CTJA SOU:E N0ESE140 ....
.. SP . .CTJA NJMBER OF FLUID SERC NDE15 0 ... .
... NSOUI IS ACTJAL NujMBER OF: SOLjTE MASS OR ENERGY SOURCE NODES E160 ....

NSOPI=NSOP-1 E170 ....
NSOuI:NSOU-1 El180...

I. SOJT~l E200O....

NIQU~o E220. ...
IF(NSOPI.E .)) GOTO 1300 E230 ....
IF(ME) 50P50P150 E240 ....

50 WJRITE(6pl0) E250 ....
*100 FORMAT(lHlI//IIX,'F -U 1 0 S 0 U R C E 0 A T A' E260. .. .

1 IIIIlXp,**** NO0DES AT WHIICH FLUID INFLOWS OR OUTFLOWS ARE ,E270 ....
2 'SPECIFIED ****'//llXP*NDDE NUMBER',lOK, E280 ....
3 'FLUIO lINFLOW(t)/OJTFLOW(-)',5X,-SOLUTE CONCENTRATION OF' E290. .. .
4 IllXP*(MINJS I4OICATES,.5X,'(FLUID MASS/SECOND)',* E300..

*5 12WINFLOWING FLUID'/12X,'TIME-VARYING*,39XP 2310....
6 *(MASS SOLUTE/MASS WATER)'/12x,'FLOW RATE OR'/l2XP E320....

* 7 'CONCENTRATION)'// E330: .

SOTO 300 2340....
150 WRITE(6.-200) E 3 5 0.
230 r0RMAT(lHl////l1X,'F L U 1 D S 0 U R C E 0 A T A' E360. .. .

* 1 //I1llX,'**** NO0DES AT WHICH FLUID INFLOWS OR OUTFLOWS ARE ,E370..

*2 'SPECIFIED ****'//llX,'*NODE NiMER',l0XP 2380:..*.
3 LUID INFLOW(+)/OJTFLOW(-)',SX,'TEMPERATURE EOEGREES CELCIUS)'E390 ....

*4 /11W,(MINJS IVDICATES',5X,*(FLUID MASS/SECOND)',.12X, E400..
5 '3F INFLOWING FLUI3'/l2X,'TIME-VARYING'/12X,'FLOW OR*/12x, 2410....
0 'TEMPERATURE)'// E420. ..

E430. .. .
... INPUT DATASET 17 E440...
330 : ONT INUE E450...

READ (5,400) I QCP, QINCPUIN: E460. .. .
43) -:ORMAT(I 10,2S15.3) E4.70 . . ..

*IF(I CP.E .O) SOTO 733 E480. .. .
IQPNI QP+l 

E490. ...
IwSOP(NIQP)=1ICP E500. ...
IF( I 'P.LT .0) I~iSDPTz-l E 5 10....
I jP=IABS C IQP) E520 ....

J IN( 1,; I UN' E540...

*IF(I CP.GT.J) GJT) 45) 255 0 ...
4RITE(6f5o0) I3CP E560. . ..
;OTO o36 E570. .. .

53J IF (.Ji c .;T. )) 30T) 46) E580. ... I
ARIT:(6,5JO) E CQN 590 ....

330(



C SUBROUTINE P L 0 T SUTRA - VERSION 1284-20 010 ..... 2
,RITE (6,80) (TIrLE(1,NP)) 03010...

C 03020 ...
RETURN 03030...

C 03040.. .
C ..... FORMATS D3050 .

40 FORMAT (1') 03060...
80 FORMAT ('O°,41X,1A30) 03070 ...

END 03080 ...

4 S

t-,t

I32
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5 3RjuTLNd P 0 T SuTRA - VERSION 123 -20 D13

133 03 153 J=INOS 02410...
135 IF (4(J).EQ.K(J) I) GO TO 150 02420...

IF(I..T.1) GO TO 137 02430...
IP(XX(N(J)).LE.Z AN1*XSF) GO TO 137 02440...
N(J)=N(J) I D2450...
33 TO 135 02460...

137 IF (XX(N(J)).LE.L+XNI*XSF.AND.XX(N(J)).GE.Z-XN1*XSF) GO TO 140 02470...
GO TJ 150 02480...

C 14J M=NR 0.500- ((yY(N(J))-YMIN)*N2)/YSF D2490...
140 DELY:= ((YY(N(J))-YMIN)*N2)/YSF 02500...

M=NR+0.5D3 - DELY 02510...
02520...

C REVESE SIGN OF YY (I.E. REVERSE PLOTTING DIRECTION) IF 02530...
7 PRA;-i IS TO BE TRANSPOSEO .... o2540...
IF(KKKKK.EQ.-I) M=0.500 + OELYC D2550...

02560...
IF(M.LT.0.OR.M.GT.NR) GO TO 145 D2570...
IF(CC(N(J)))142,16,1p47 D2580...

142 IF(M.NE.O) PRNT(M)=SYM(16) D2590...
NUM=(-CC(N(J))+.005D0)*10.O0 D2600...
GO TO 141 02610...

147 NJM=(CC(N(J))+0.90500)*1O0.D0 02620...
IF (NUM.GT.999) NJM=MD0(NUMP1000) 02630...

" 141 IF(NUM.LT.100) GO TO 143 D2640...
INOX3=NUM/10 02650...
IF (4.NE.0.ANO.CC(N(J)).GT.0.) PRNT(M)=SYM(INDX3) 02660...
NM=NUM-INDX3*100 02670...

143 INOX1=MOD(NUM,1O) 02680...
IF(IIOX1.EQ.0) IN)X=10 02690...
INDX2=NUM/10 02700 ...
IF(INOX2.EQ.O) INDX2=10 02710...
GO T) 144 02720...

146 rNDX1=14 02730...
INDX2=14 02740...

1.4 PRNT(M+1)=SY4(INDX2) 02750...
DRNT(+2)=SYM(INDX1) 02760...

145 N(J)=N(J)+ 02770...
IF (N(J).EQ.K(J)+1) GO TO 150 02780...
IF (XX(N(J)).LE.Z4XN1*XSF.ANO.Xx(N(J)).GE.Z-XNI*XSF) GO TO 140 02790...

150 CONTINUE 02800...
C 02810...
..... PRINT AXES,LABELS, AND POINTS 02820...

C IF (I-NA.EQ.0) GO TO 170 02830...

IF (I-NBB.EQ.) GO TO 180 02840...
IF ((I-1)/NI*N1-(I-1)) 193,163,190 02850...

160 WRITE (6,VF1)(BLA4K(J),J=1,NC),(PRNT(J),J=,N8),NX(1I(I-1)/N1) 02860...
30 T3 200 D2870...

C 170 WRITE (6,VF2)(BLANK(J),J=,NC),(PRNT(J),J=IN8) 02880...
C GO TO 200 02890...
C 180 WRIT= (6,VP2)(BLAdK(J),JzlNC),(PRNT(J),J=I,N8) 02900...
c GO TO 200 02910.:.

* 1?0 WRITE (6O,VF)(LANK(J),J=INC),(PRNT(J),J=IN8) D292C...

02930...
- - C..... C3MPJTE NEW VALUE FOR Z AND INITIALIZE PRNT D2940...

20 Z=Z-2.00*XNI*XSF 02950...
3 210 J=IN8 02960...

210 PRNT(J)=SYM(11) 02970...
. o 2980 ...

SC ..... NuMdER ANO LABEL Y AXIS AND PRINT TITLE 02990...
wRITE (6,V=3)(BLAIK(J),J=INC),(NY(I),I=1,N6) D3000...

328



SJBRDUTINE P L 0 T SuTRA -VERSION 1284-20 D10 ....

INDEX(KK)=TEmP3 01810...
30 X(KK)=TEMPI 080

30 XX K) TEMPI1 01820 ...
D018340 .. .

90 CONTINUE 01850 .. .

C ....... OMPJTE LABEL NLJN3ERS FOR X AND Y AXES 01860 ...
D0 1)J I=1,NEE 01870 .. .
NNX=45-I 01 880 .. .
NNY=10-I 01890 .. .
IF(NNV.LT.0) GO TO 95 01900 ...

*NY (I) =YSF*NNY*YMI N 01910 .. .
IF(KKKKK.EQ.-1 ) NY(I)=Y'IIN+(I-1 )*YSF 01920 ...

95 IF(NNX.LT.0) SO TO 103 D1930 .. .
N4X(I )XSF*NNX+XMIN 01940 ...

100 CONTINUE 01950 .. .
CD1 6 ...

C. ..... SET JP PLOT OF MESH 01960 ...

105 CVEC(I)=I*0O.010000 01990 ...

C 02000 .. .

C... 02040 .. .

* 1COTIUE02050 .. .
I CONINUE02060 ...

02070 .. .

C ....:.NORMIALIZE VARIABLE TO BE PLOTTED 02080 ... 6
CCNORM=1.0DO 02090 .. .
IF(NP.EQ.2) CNOR4=PBASE 021 00 .. .
IF (NP. GT. 2) CCNOR4=UBASE 02110 .. .
D0 2 I~1,NN 021 20 .. .

*2 CC(I)=CVEL(IN0EX(I))/CCNORM 02130 ...
C 02140 .. .
C. .... INITIALIZE VARIABLES 02150 ...

Z=XMAX 02160 ...
WRITE (6o40) D2170 .. .

00 13) I, N DS 021 80...
* 10 N ( 1 1 02190 .. .

30D 210 11,fN4 02200 ...
C 02210 .. .
C .. .. ..LOCATE X AXES 02220 ...

*IF (I.E .l.0R.I.EU.N4) GO TO 110 02230 .. .
*DO 11'. J~1,N8,N9 02240 .. .

114 PRNT(J)2SYM(15) 02250 .. .
D 2260 .. .

C .. .. ..LOCATE Y AXES 02270...-
*IF ((I-1)/N41*Nl NE.I-1) GO TO 117 02280 ...

1 15 PRNT(1)=SYM(14) 02290 .. .
* )RNT( N8)=SYM(14) 02300 .. .

1 17 1 F( ( I- 1)/N7*N47.NE.I-1) GO TO 130 02310 .. .
DoJ 1 18 1= 2R 02323...

I F ((J-1 )/N,9*N9.EQ.J-1)PkNT(J)=SYM(17) 02330 ...
118 1 F( (J- 1 )/N9*N9.NE.J-1)PRNT(J)=SYM(16) 02340 .. .

r. 4 O TO 130 02350 .. .
110 0 J123j J =I,N 8 023oO ...

I F ((J-1)/N2*N2.EM..J-1) PRNT(J)=SYM(14) 02370 .. .
120 I F ((J-1)IN2*N?.NE.J-1) DRNT(J)=SYm(le)) 02380.. .

02390...

...CMPJTE LOCAT1ON OF POINTS 32024003...

%* -



Si R3wT:Nc D 0 T SuTRA - VERSION 1284-20 010 .....

(NOT=: YY PL)TS A'ROSS PAGE, ,X PLOTS ALONG PAGE) 01210 ...
IF (K KKK.E .- I) GOTO 361 01220...
Do 362 I=1,N 01230 ... ..
xx(I)= x(I) 01240...
YY(I)= Y(1) 01250...

362 INDEX(I)= 1 01260...
53TO 368 01270...

361 30 363 I=1,Nd 01280 ... ..
xx(I)= Y(1) 01290...
YY(I)=+X(I) 01300 ...

C NOTE THAT THE SIG4 OF YY IS REVERSED LATER 01310...
o IN ORDER TO :OMPLETE THE ROTATION 01320 ...

363 INDEX(I)= I 01330...
308 CONTINUE 01340...

C 01350...
C.....INITIALIZE VARIAB ES 01360...

NX3=14XS-NINX 01370...
NYD=NYS*NINY 01380...
IF(NXO.GE.((-4YD+1)I2)) GOTO 11 01390...

NINX=1+((NYD-1)/(2*NXS)) 01400...
NXO=IXS*NINX 01410 ....

11 XSF=XRANGE/NXO 01420...
YF=YRANGE/NYD 01430...
IF(KKKKK.EQ. I) GOTO 12 01440...

- XSF=YRANGE/NXD 01450...
" YSF=XRANGE/NYD 01460...

12 CONTINUE 01470...
N4=NXO*NI+ 01480:.,
N5=NXO I 01490 ...
N6=NYD I 01500...
7NT=NI*NINX 01510...
N8=N2*NYO I 01520 ...
49=N2*NINY 01530...
NR=NS-I 01540...
NA=N4/2-2 01550 ...
NBB=N4/2+4 01560...
NC=(O3-N-1O)/2 01570...
ND=NC+N8 01580...
NEE=MAX0(NS,N6) 01590...
VF1(3)=DIGIT(NO-40) 01600...
VF2(3)=DIGIT(NO-43) 01610...

- VF3(3)=DIGIT(NC) 01620...
C ..... ARRANGE EACH OATA SET IN DESCENDING VALUES OF X 01630...

00 90 L=INOS 01640...
-'- NNN=((L) 01650 ...

00 3) I=1,NNN 01660 ...BIG=XX(1) 01670 .. .

KK=I 01680... 4

00 2) J=I,NNN 01690...
IF(XX(J).GT.3I3) 30 TO 15 01700...
GO TO 20 01710...

15 IG=XX(J) 01720...
KK=J 01730...

2 CONTINUE 01740...
i TEMPI=YY(I) 01750...

TEMPII=XX(I) 01760...

TEMP3=INDEX(I) 01770...
YY(!)=YY(KK) 01780...
xx(I)=XX(KK) D1790...
INDE6 (I)=INOEX(KK) 01800...
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S Ri3R .TINE 3 A N 1 0 SuTRA - VERSION 1284-20 I1 .....

120 .....
S "** PJRP)SE 130 .....

TO ** rO :ALCJLATE AND CriE:K BAND wIDTI ;- FINITE ELEMENT MErl. 140 .....

SjB~050. ...160".SJBR~jT!NE BA'44ID(IN) 160 .. .. .

IMPLICIT u3.A PRECI1SI0N (A-I,O-Z) 170 .....

ZJMMO'4/DIMS/ NNe,NIN,NI,N,NBALFNPICHNPBC,4UdC, 180 .
1 NSOP,NS0U, '43CN 190..

I 31 ENS 110 ....

1110....

N3TEST=0 1120....
1 0 I F j 1130....
I= 1140....
wRITE(6,1JO) 1150....

100 OR4AT(ilI1X,°* * ** MESH ANALYSIS 1***'//) 1160....
1170 ....

C ..... FIND ELEMENT WITI MAXIMUM DIFFERENCE IN NODE NUMBERS 1180....
DO 2000 L=I,NE 1190 ....
II=II +1 1200 ....
IELO=IN(II) 1210 ....

* IEHI=IN(II) 1220....
00 1)00 I=2,4 1230 ....
II= 1+1 1240 ....
IF(IN(II).LT.IELO) IELO=IN(II) 1250....

1000 IF(IN(II).GT.IEHI) IE-4I=IN(II) 1260....
NDIFF=IEHI-IzLO 1270....

IF(NJIFF.GT.NDIF) THEN 1280 ....
NOIF=NOIFF 1290....

LEM=L 1300 ....-"-ENOIF 1310 ... .

NBL=2*NDIFF+l 1320 ....
IF(NBL.GT.NBI) WRITE(6,1500) LNBLNBI 1330....

1500 FORMAT(/13X,'ELEMENT ",14, IAS BANDWIDTH ,15, 1340.. ..
1 WHICH EXCEEDS INPUT BANDWIDTH ",13) 1350....
IF(N3L.GT.NBI) NBTEST=NBTEST+1 1360...

2)30 CONTINUE 1370...

1380 ... -
C ..... CALCJLATE ACTUAL BAND WIDTH, NB. 1390....

* NB=2*NDIF+l 1400...
NBHALF=NDIF+l 1410...
WRITE(6,2500) NBLEMNBI 1420....

2500 FORMAT(//13xfACTJAL MAXIMUM BAN0WIOTH, ",13, 1430...
*- 1 ", WAS CALOULATED IN ELEMENT ',14/13X,7(lH-), 1440...

2 rINPUT 3ANDWIDTH IS ",13) 1450....
IF(N3TEST.E .J) GOTO 3000 1460...

I70...
WRITE (6,2800) N3TEST 1480....

2303 rOUMAT(/III/13X, IN0JT BANOWIDT4 IS EXCEEDED IN ",14," ELEMENTS',1490....
1 /lX,'PLE3SE CORRET INPUT DATA AND RERUN.', 1500....

2 //I/I//122x,'S I 4 U L A TI O N H A L T E 0., 1510.. ..
3 22X, . 1520....
=-%CFILE=(6) 1530 ....
STOP 1540....

1550...

3)iJ) 4'RIT=(6f4300) 1560....
S0 Z3RMAT(/////I/lX,132(lH-)///42x,'E N D 0 F I N P U T , 1570...

1 R 0 M J N I T - 5'//132(1--)) 1590....

tR. T RN 15 ?0. .. .
r-. EN1 1600....
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C SUBROUTINE N H E C K SUTRA - VERSION 1284-2D J10 .....

C SUBROUTINE N C H E C & SUTRA - VERSION 1284-20 J10 .....
C J20 .....
C * PURPOSE J30 .....
C *** TO THECK THAT PINCH NODES ARE NOT ASSIGNED SPECIFIED J40 .....
C *** PRESSURES, CONCENTRATIONS, TEMPERATURES OR SOURCES. J50 .....
c JO0 .....

SUBROUTINE N:HECK(IPINCHIQSDP,I3SOUIPBCIUBC) J70.....
IMPLICIT DOUBLE PRECISION (A-HO-Z) J80 .....
COMMON/DIMS/ NNtNE,NINtNBItNB,N HALFINPINC.tNPBCNUBC, J90 .....

1 NSOPNSOUNBCN J100 ....
COMMON/CONTRL/ GNjUPDTMULTt)TMAXMEISSFLOtISSTPAITCYC, Jil10 ....

1 NPCYCNUCY:,NPRINTIREADISTORENOUMATIuNSAT J120 ....

DIMENSION J OX(33),JQJX(3)),JPX(3J),JUX(30) J130 ....
DIMENSION IPINCH(NPIN:H,3),IQSOP(NSOP),I SOU(NSOU), J140 ....

1 IPBC(NdCN),IUB:(NBZN) J150 ....
J160 ....

IOPX=3 J170 ....
I Ux=o J 80 ....
IPX=) J190 ....
IuX=) J200 ....
NPIN=NPINCH-1 J210 ....
NSOPI=NSOP-1 J220 ....
NSOUI=NSOU-1 J230 ... .

00 1000 I=1,NPIN J240 ....
IPIN=IPINCH(1,1) J250 ....

C ...... MATC1 PINCH NODES WITI FLUID SOURCE NODES J260 ....
IF(NSOPI.EQ.3) GOTO 200 J270 ....
00 130 IQP=1,NSOP J280 ....
IF(IPIN-IABS(IQSOP(IQP))) 100,50,100 J290 ... .

50 IOPX=IQPX+I J300. ..-.
J.QPX(IQPX)=IPIN J1

130 :ONTINUE j320 ....

200 IF(NSOUI.EQ.3) GOTO 430 J330 ....
C ..... MATC PINCH NODES WITI ENERGY OR SOLUTE MASS SOURCE NODES J340 ....

DO 33) IQU=1,NSOU J350 ....
IF(IPIN-IABS(IQSOJ(IQJ))) 300,250,300 J360 ....

250 IQUx=IQUX+l j370.. . -..
JQUX(IQUX)=IPIN J380 .....

300 CONTINUE J390 ....
400 IF(NPaC.EQ.0) GOT) 633 J400 ....

C ..... MATC-4 PINCH NODES WITI SPECIFIED PRESSURE NODES J410 ....
DO 500 IP=INPBC J420 ....
IF(IPIN-IABS(IPBC(IP))) 500,450,500 J430 .... ..

450 IPX=IPX+ J440 ....
JPX(IPX)=IPIN J450 ....

500 CONTINUE J463 ....
603 IF(NJBC.EQ.0) GOT) 1030 J470 ....

C ...... MATC-i PINCH NODES WIT-i SPECIFIED TEMPERATJRE OR J480.. . .

C CONCENTRATION NODES J-9 .
DO 7). IU=1,NJBC J50O.... . -

IJP=IU+NPBC J5 10 ....
IF(IPIN-IABS(IUBC(IU 0 ))) 700,:50,700 J520....

550 luX=IjX+1 J530 ....
Jux(lix)=IDIN J540 ....

70) CONTINUE J553.. ..
S 1303 CONTI, U J560.. •

J570....

C ..... E\D SIMuLATI)N I CORRECTIONS TO ,NIT-5 DATA ARE R' IjE J53C ....
" IF(CI Px.E..O) SOT3 1300 J5: .

w4RITE(6,125J) (J PX(1),I 1 , I X)0. .

34 1
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k .. T I N S, T RA - SE 1t4N 12 i*-2 D J1 3.....

1 5 ;3MAT(/////I ,'THE zOLLOoIN NODES MAY NOT 3E SPECIFIED AS'. Jb1 ....
1 FLJIO S)JRCE 14OD'S : '115x,2(201b/)) Jo2..

vJRITE (5,1251) Jo30 .
1251 ;%RMAT(/11X,'PLEASE REDISTRIBJTE SOURCES OR CHAN'E THESE PINCH', JO4.... -

1 N OES TO NORAAL :ORNER MESH NODES AND THEN RER2N.') J650....
I3j (I F( I jx.E4. ) SOTO 14JO J660 .

IF('AE.E .- I ) PRITE (o.,1350) (J UX(1),II , I UX) J670 ... .

1350 r.RMAT(I/,IIIIX,'rTE FOLLOWIN.; NODES MAY NOT BE SPECIFIED AS', J6O0 ....
1 SOLUTE SOURCE NO)ES : "/15x,2(2015/)) JO90 ....
IF(ME.-'E*-. I) viRITE(o,1 355) (J U)(( ),1=I, IQUX) j70G . .. .

1355 ORtMAT(//I//IlX,'THE FOLLOWIN- NODES MAY NOT BE SPECIFIED AS', J71 ....
r I 1 ENEROY SOURCE NOJES : '/15x,2(20151)) 1720 ....

wRITE(6,1251) J730 ....
14J0 IF(IOX.EQ.O) SOTO 150) J740 ....

WRITE(6,1450) (JPX(I) ,I= ,IPX) J750 ....
1450 cORMAT(i////11X,'THE FOLLOWIN3 NODES MAY NOT BE INPUT AS', J760 ....

1 . SPECIFIED PRESSURE NODES ',/15X,2(2016/)) J770....
WRITE(6,1p451) J730..

1451 FORMAT(/11X,'PLEASE REMOVE SPECIFIED PRESSURE RESTRICTION OR', j790....
1 CHANGE THESE PINCH NODES TO NORMAL CORNER MESH NODES AND', J800....
2 * THEN RERUN.') J810....

S150 IF(ME) 1600,lbOO,1660 J820 ....
1630 IF(IJX.EQ.O) GOTO 1683 J830....

. WRITE(6,1650) (JUX(I),I=1,IUX) J840....
*.* 1650 =ORMAT(/////IIX,'THE FOLLOWIN; NODES MAY NOT BE INPUT AS', J850 ....

1 ' SPECIFIED CONCENTRATION NODES ,/15X,2(20I6/)) J860 ....
W.T RITE(6,1651) J870 ....

1631 FORMAT(/11X,'PLEASE REMOVE SPECIFIED CONCENTRATION RESTRICTION J J880 ....
1 'OR CHANGE THESE PINCH NODES TO NORMAL CORNER NODES AND', J890....
2 * THEN RERJN.') J900 ...

0TO 1680 J910....
16oC IF(IJX.EQ.O) GOTO 1680 j920....

WRITE(6,1670) (JUX(I),I=1,IUX) J930..
1670 FORMAT(IIII/IlJX,THE FOLLOWIN5 NODES MAY NOT BE INPUT AS', j940....

1 SPECIFIED TEMPERATURE NODES : °,115X,2(2316/)) J950....
WRITE(6,1671) J960 ....

1671 =ORMAT(/11X,'PLEASE REMOVE SPECIFIED TEMPERATURE RESTRICTION OR', j970 ....
1 ' CHANGE THESE PINCH NODES TO NORMAL CORNER NODES AND', J980....
2 * THEN RERJN.') 3990....

31000..

1 80 IF(I X+IPX IUX) 1800,1800,1703 J1010...
17J0 WRITE(6,1750) J1020...
1750 FORMAT(///I/I/II,1X'S I M U L A T I 0 N H A L T E 0'/, J1030...

1 11X, --- ----------------- ----------- ) 1040...
ENOFILE(6) J1050...
STOP J1360...

C J1070...
-* C J1080...

1 30 RETURN J1090...
END J1100...

342
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c URUIEINDAT2STA ESO 242 1

C SUBR3UTINE I N D A T 2 SUDTRA -VERSION 1284-20 K10 .....

C '(2 0....
C **PURPOSE K(30 ..
C * TO READ INITIAL CONDITIONS FROM UNIT-55r AND TO K(43..
C * INITIALIZE DATA FOR EITHER WARM OR COLD START OF '(50 ..
C* THE SIMULATION. '(60 ..

C K(70 ....
SUBROUTINE INDAT2(PVE:,UVCPlUM1l3UM2,CSlCS2oCS3,SLSRRCIT, K(83 ..

*1 SWDSWDPfP3CIPBCPIPBCT) K(90 ..
*IMPLICIT DOUBLE PRECISION (A--[tO-Z) K100 ....
*C3'~MN/DIMS/ NNNEpNIldN3IN3,NBHALFNPINCHNPBCNUBC, K110 ....

1 NSOPPNS0UPNBCN '12 0. .. .
COMMON/C.ONTRL/ GNJUPDTMJLTDTMAXMEISSFLOISSTRAITCYC, '130 .....

*1 NPCYCNUCYCNPRINTIREAO,-ISTORENDUMATIUNSAT '140 ....
COMMON/TIME/ DELTTSE:,TMINTIOURTDAYTWEE(,TMONTHTYEAR- '150 ....

1 T 4AXDELTPDELTUD TPM1 ,DLTUM1 ,IT, ITMAX K16 0. ...
COMMON/PARAMS/ C04PFLCOMPMADRWDJCWCSPRHOSDECAYSIGMAWSIGMAS'17O ....

1 R4WfRO~VS~PO~pRO~fRDOPOSrHlC1 K180 ....
DIMENSION PVEC(NN),UVEC(NN),Pi1 (NN)PUM1 (NN),UM2(NN),SL(NN),SR(NN),'(190 ....

1 CS1 (NN)PCS2(NN),CS3(NN),RCIT(NN),SW(N)0SwDP(NN), ZO .( 00...

C 2 P3C(NBCN)PIPBC(NBCNi) '210 ....
C K~'220. .. .

C '230. .. .
*IF(IREAD) 503,50Dt620 '240. .. .
C ......INPUT INITIAL CON)ITIONS FOR sdARM START (UNIT-55 DATA) '250 ....

* 500 READ(55P510) TSTART*DELTPoDELTU '(260. .. .
510 FORMAT('.G20.1O) '270 ....

READ(55r510) (PVE: (I).,11 ,NN) '(280 ....
READ(55,510) (UV E ( I) ,I - NN) '(290 ... .

*READ(55.513) (PM1(I)PI=1,NN) '(300 ....
READ(55,519) (UM1(I),I=1,NN) K(310 ....
R EAD ( 5 5510) (C S1( I) fI -1lNN) K(32 0. .. .
READ(55p510) (RCITCI)oI=1#NN) '330. ...

*READ(55,510) (SW(I),I=1#NN) K(340 ...
READ(5551D) (PBC(IPU) ,IPU1 ,NBCN) '(350 ....

C CALL ZERO(CS2pNNso.OJ) '(360. ...
C CALL ZERO(CS3pNNp0.0D3) '(370. .. .

CALL ZERO(SLPNNPO.000) K3 8 0.
CALL ZERO(SRoN,440.OD0) '(390. .. .

*CALL ZERO(DSW0P,-NNt0.)DO) '(403. .. .
00 55J 1~ltNN '(410 ....

553 JM2(I)=uMl(I) '420. .. .
GOTO 1000 '430 ....

C '440. ...
\4NPu T IN I T IAL ONJ4ITIDNS FOR L0SAT(uNIT-55 DATA) K4 5 0. .. .

620 READ(5S,510) TSTA4T '(460 ....
RcADj(55o5l)) (PvEA-I),I~lNN) '470 ....

C...START-UP wIT-1 Nj PRiJECTIONS BY STTING 3oELP=BjEL..1.D-1o '(490 ....
IN PRaJECTION F0R4JLAE FOjND IN S..BRo&IN\: SUTRA. K(500. .. .
0ELTD=OELT*1.Dlo K(5 10. .. .

OeLTJ=DELTk1.D10 K(520..
C .. .. .. INITIALIZc SPECIFIED TIME-VARYIN*.: DkESSJRcS Ti 1141I-IL PRESSURE K5 3 0. .. .
C VALUES FOR ST4PT-JP CALCU..ATI)?4 01- INFLOWS OR 0JTFL0mS K 540..

C (SET 40 LITR=)) '(550....
IF (IP8CT) 683,740,743 K 560..

66) 06 733 IPzlr1P30

IF(i) 7J3,7%3,73) K 5 U .....

34 3



STI A T S STA V R V N 123.-20 K. . .. .
73~~~~~~ ° K1

I I rTIALIZE P, U, 4'4D C-NSI3TE1T DENSITY K620 ....
SB)=PVJC(I) K640 ....

LM II)uvEC(I) (650 ....
JM2 (1)=UVEC(I) K660 .

IT(,)=R Ow DRWU(J VEC(I -JRHO. 3) Ko7J ....
%) j ONTINUE K680 ....

. ... l'IN TIALIZE SATURATION, SW(I) K690 ....- r L L Z '-R O ( S 4 ,% '4, 1 00 0 ) K T7 00 . .'-. .

IF(I2NSAT.NE.l) SOTO 990 K720 ....
N S AT 3 K730 ....

Di 9)0 1=1.NN K740....
4AJ IF(PVEC(I).LT.3) :ALL UNSAT(SW(I),DSWDP(I),RELKPVEC(I)) K750....
J CONTINUE K760 ....

CALL ZERO(CSINNPS) K770 ....
CALL ZERO(CS2,NN,3.000) K780 ....

C CALL ZERO(CS3oNN,).000) K790 ....
CALL ZERO(SL, NNO.003) K800 ....
CALL ZERO(SR,'NN,O.O00) K810 ....

1300 CONTINUE K820....

K830....
C ..... .SET STARTING TIME OF SIMULATION CLOCK. TSEC K840....

TSEC=TSTART K850 ....
C K860....

K870....
RETd N K830 ....

N'D K890 ....

6~.0

S3

- . ..

. .. . .



C SUBR3UTINE P R I S 0 L Su.TRA -VERSION 1284.-20 L10 ..

SUBROUTINE P R I S 0 L SUTRA -VERSION 1284-20 L10 ..
c L 2 ....

C TOPRN PRESjiRE AND TEMPERATURE OR CO1CETRTON ITR4IOS 15..

* C L 7 0....
SJBROUTINE PRISOL(MLISTOPIG0IPVECUVEPVMAG,.VANGSW) L6,3..
IMPLICIT 0OAJLE PREC.ISION (A-ID-Z) L90 ....
COMMON/DIMS/ NPNN-NI.NNBINBNBHALFNIHNPBC,-NU8,. L 100..

1 NS0PNSOutN3CN L1110..
COMM0'N/CONTRL/ GNJUPDTMULT,)TMAX,ME.ISSFLOISSTRAITCYC, 1120..

1 NDCYC,-NUCYCNiORINT, IREAD, ISTORENOuMATIUNSAT Li 3u..
COMMON/TIME/ DELTT3E:,TMNTOURTDAYTWEEK.TMONTHTYEARi L140. .

1 TIAXDELTODELTU.0 ..TPMlDLTUM1 ,ITITMAX Li150..
C3MMON/ITERAT/ RPM,-RP4AXRUMRUMAXITERITRMAXIPWORS,IuwORS L160.
:OMMON/KPRINT/ KC)OR0,KELINFKINCIDr.PLOTP.j(PLOTUKVELKBUDG L170..
DIMENSION PVE (NN),UV;-C (NN),V4AG(NE) ,VANO(NE),SW(NN) L180..

C 11 90..

C.......... OuTPJT MAJOR HEADINGS FOR CURRENT TIME STEP L200..
IF(Ir.GT.0.OR.ISSPL0.E10.2.OR.IS TRA.E .1) GOTO 100 1210..
WRITE(6f6O) 1220..-

60 PORMAT(lH1/III11XP'I N I T I A L CO0ND0I T IONS',, 1230..
1 I11 x f-- -- -- -- -- -- -- -- -- -- --- --- -- --- -- --- --------- 240..

* IF(IREAD.EQ.-l) WRITE(6,-65) 1250..
b 5 FORMAT(//11x,*INITIAL CONDITIONS RETRIEVED FROM STORAGE L 260..

1 'ON UNIT 55.') 1270..
GOTO 500 1280..

C 1290..
I1J0 IF(I;OI.NE.O.ANO.ISTOP.EQ.0) WRITE(6p153) ITERfIT 1300..
150 F-ORMAT(IIII///Ill WITERATION *fl3,* SDLJTION FOR TIME STEP *P14) 1 310..

C 1320..
IF(ISTOP.EQ.-1) WRITE(6e250) ITPITER L330..

250 F0RMAT(H//1i~f*SOLUrI0N FOR TIME STEP *P14P L340..
1 *NOT CO)NVERGED AFTER ,13p, ITERATIONS.') 1350..

C 1360..
* IF(ISTOP.GE.0) vWRITE(6f350) IT 1370..

350 FORMAT(iHl//11X,'RESULTS OR TIME STEP 'o14/ 1380..
1 1x,-- -- -- ----------- - -- -- -- -- -- ) 1390..
IF(ITRMAX.EQ.1) G)T0 500 L400..
IFCISTOP.GE.3.AN).IT.-?T.O) oiRITE(6,355) ITER 1 410..
IF(IT.E.O..AN0. IST0P.-JE.O.AND.ISSFL0.EQ0.2) wRITE(ot355) ITER L420..

355 FORMAT(11XP,(AF:T:-R *,I3f' ITERATIDNS) L 433..
wRITE(6p450) RDM, IPORSPRJMIJWORS L4,40.

450 FORMAT(//11x,*MAXlMj4 P >1AN-J= FZDM PREVIOUS ITERATION 'f 145 0..
1 1:ID14.5,, AT NODE *,15/llXo,MAXIMJM U CHANGE FROM PREVIOJS 'f 1460..
2 'ITERATION 'P1PO14.5., AT NODE 'P15) L470.

C 1430..
500 IF(IT.E .J.AND.ISScL0.E;.2) 50TO 580 L4Q0..

IF(ISSTRA.E..1) SOTO 800 150G.
w4RITE (6,550) JELTTSE ,TMIN,Ti0UQ,TOAY ,ToEEK, 1 510..

1 TM0NT-iTY=AR L152 0..
550 £0ORMAT(///llx.*TI4 E INCREMENT :',T27,lPD15.4p SEC0%OS'//llx, 1 53 0..

1 'ELAPSED TIME :*,T27,10D15.4,* SE'O0Nj),/T27,1PD15.4P* mi\JTES*L540..
2 /T 2 7, 1 P 15. 4, m0OJR S fT2 7. 1015 . 4 b OA YS/T2 7 P1P 015 5. 4 , .E K S'L 55 0
3 T27,10015.4,' MONTiS'/T27,1PD15.4,' YEARS') L 5 60..

L15 7G.D
... .... ... JTPJT PRES JRES 0OR TRANSIENT FLOW S2L T0Otv (AND POSSIBLY,L ,

-SATURATION Ai43 VCLJCITY) L5~
IF(M,.E .2.ANO).I IS 7 0P ,E 0) C0T0 72.- L)
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SJ ZU T 1 '4 P R I S 0 L SuTRA -V _RS1CN 12E4-20 L10 ....

I=(I5SSL0.GT.3) GOTO 700 L610 ....
WRITTE:(6.6SC) (I,?VEC(I),I=1,jNN) L6 2 C

65C FORMAT(///11XPP R E S S U R E'//5X,6('N0OE'p17X)I 153C...
I (7Xp6(1X,14o1X,lPCl5.5))) L140....

651 F0RM.AT(/II11Xp'S A T U R A T 1 0 N'I/8X,6('NODE',17X)I L566C..
1 (7Xf6(lX,I4,1X,1PO15.8))) 1670 ...
I=(KVEL.EQ.1.AND.lT.GT.0) 6RLTE( 6. 6 55) ( L.-VMAG(L) -L;-lNE) L 6 C. .. .
LF(KVEL.EQ.1 .ANO.IT.GT.0) 6RIT:EC 6.,556) (L,-VANG(L),L~l,NE)L5..

555 F0R4AT(III11X,-'F L U 1 D V E L 0 C I T Y'// L700....
1 l1X,'M A G N I T U 0 E AT CENTROID OF ELE!'ENT'I/ L710....

*2 5A,6('ELE=MENT',14X)/ (7X,-6(1X,1A4,1 X,1P015.3))) L7 2 0.
656 FORMAT(///11X,'F L U I 0 'IL730....

I 11XA N G L E IN DEGREES FROM +X-AXIS TO FLOW DIRECTION ',L74C ....
2 'AT CENTROID OF ELEMENT'// L750...

*3 5X,6('ELEMENT',1 4X)I (7x,6(1X,14,1 X,1PD15.8) )) L76C ....
GOTO 700 L770...

C L780 ....
C..OUTPUT PRESSURES FOR STEADY-STATE FLOW SOLUTION 1790 ....

630 WRiTE (6,690) (IoPVEC(I),I=lPNN) L800O....
o90 FORmAT(IIII1X,*S T E A D Y - S T A T E P R E S'.,L810...-

*1 S U R E'118X,6('NODE',17X)/(7X,6(1X,14,1X,1PC15.8))) 132D....:

GOlD 1000 L 340..
C L!50 ...
C. ... OUTPUT CONCENTRATIONS OR TEMPERATURES FOR 1560. ...
C TRANSIENT TRANSPORT SOLUTION L87) ....

70C IF(ML.EQ.1.AND.ISTOP.GE.O) GOTC 1000 1330 ....
IF(M:E) 720,7 0,730 1390 ....

720 WRITE(6o725) (IAUVEC(I),X=1,NN) L900 ... *
725 FORM~AT(//i11XP'C 0 N C E N T R A T 1 0 N'//8XO 1910...

1 6( 'NODE',-17X)I(7X,-6(1X,14,1X,1P3.15.8))) 1920...
C-OTO 900 1930. ...

730 WRITE (6,-735) (I,UVEC(I),1z1,lNN) 1940 ....
735 FORMAT(III11X,'T E M P E R A T U R E'113X,6('NODE',17X)/L50 O....

1 (7Xo,6(1X,I4,lX,F15.9))) 1060 ....
GOTO 900 1970. ...

C 1930 ....
C. .. ..OUTPUT CONCENTRATIONS OR TEMPERATURES FOR 1 99 0. .. .
C STEADY-STATE TRANSPORT SOLUTION LlCOC...

*800 IF(ME) 820o320,230 10 10C.. .
320 W.RITE(6,32S) (IoUVEC(I),I=1,NN) L1O2C ...
E 25 FORMAT(///11X,'S T E A D Y - S 7 A T E C 0 N C', L1DSC ...

1 E N T R A T 1 0 N'I/3X.-6('NOCE't17X)I L1 C 4C .. .
*2 (7X,6(1X,I4.,1X,lPD15.8))) L105C ...

GOTO 900 L 10 6C ..
*830 wRITE (6,335) (IpUVEC(I),I=1,NN) 10 70 ..

335 FORM.AT(/II11X,'S T E A 0 Y S T A T E T E M P', L108C..
*1 E R A T U R E'//3X,6('NODE',17X)/ L1O'9C.:.
*2 (7Xo,6(1X,I4,lXiF15.9))) L110 0..
* C 11110..

C ..... OUTPUT VELOCITIES FOR STEACY-STATE FLOW SOLUTICN 11120..
900 IF(ISSFLO.NE.2.OR.IT.NE.1.CR.KVEL.NE.1) GOTO 1Q00 11130....

*WRITE( 6t925) (LVMAG(L),L=1,NE) L1140'...
WIT~E( 6,950) (LtVANG(L),Lzl,NE) L11150...

925 FORMAT(III11X,'S T E A 0 Y S T A T E ', 1160...
I 1 F L U 1 0 V E L C C I T Y*/L 1117 0..
2 11X,'M A G N I T U 0 E AT CENTROID OF ELEMENT'// 11130 ...
3 5G,6('ELEM-ENT',14X)/(7X,6(lX,14,1X,1PD15.8))) L1 19C ... -

95C FOR4AT(///11X,'S T E A 0 Y S T A T E L, 1200C...
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C SUBR3UTINE P R I S 0 L SUTRA - VERSION 1284-20 LIO .....

1 L U I D V E L O C I T Y'// L1210....-
2 llx,A N . L E I OEREES FROM X-AXIS TO FLOW DIRECTION , L1220...
3 'AT CENTR3ID OF ELEMENT'// L1230...
4 5X,6('ELE 1ENT',l4X)I(7X,6(IXI4, X,1PD15.8))) L1240...

C L1250...
100 RcTURN Li 260... 'iC L 12 7 0.. .

END L1280...

14
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VE N -D M 0 .

I Sj3R)uTINE Z E R 0 SUTRA - VERSION 1294-2D MIC .
C M20 ... 

*** PURPOSE M30 ...
C TO =ILL AN ARRAY WITri A CONSTANT VALjE. M40 ...
C MSO .....

SuBROJTINE Z-RO(AIADIMFILL) moo .....
IMPLICIT DOUBLE PRECISION (A--4,O-Z) M70 .....
DIMENSION A(IADIM) M80 .....

M90 .. .. .

..... FiLL ARRAY A oITH VALJE IN VARIABLE 'FILL' M100....
0O 13 I=IIAOIM 110 .... .

10 A (I)FILL m120 ....
C M130 ....

M14 0 ....
RETURN M150....

'N0 M160 ....

I- 0

R1

14'.8

I S

3 48.

- . . . .. - . -



SUBROUTINE B C T I M E SUTRA - VERSION 1284-20 N10 .....

C SUBROUTINE B T I M E SUTRA - VERSION 1284-20 N10 .....

N20 .....
C *.* PURPOSE N30 ...
C *-* JSER-PROGRAMMED SUBROUTINE WIIC4 ALLOWS THE JSER TO SPECIFY: N40 ...
C *** (1) TIME-DEPENDENT SPECIFIED PRESSURES AND TIME-DEPENDENT N50 .....
C *** CONCENTRATIONS DR TEMPERATURES OF INFLOWS AT T4ESE POINTS N60 .....
C *** (2) TIME-DEPENDENT SPECIFIED CONCENTRATIONS OR TEMPERATURES N70 .....
C ** (3) TIME-DEPENDENT FLUID SOURCES AND CONCENTRATIONS N80 ..
C *** OR TEMPERATJRES OF INFLOWS AT THESE POINTS N93 .....
C *'* (4) TIME-DEPENDENT ENERDY OR SOLUTE MASS SOURCES N190 ....
C N110 ....

SUBROJTINE BCTIME(IPB:,PB:,IUaC,UBC, INUINOUINIQSOPIQSOU, N120 ....

1 IPBCT, IUB:TPIQSOPTPIQSZOUT) N130 ....
IMPLICIT DOUBLE PRECISION (A-IO-Z) N14J ....
COMMON/DIMS/ NN,NE,NINNBINBNBHALFNPINCHNPBCNUBC, N150 ....

1 NSOPNSOU,N3CN N160 ....
COMMON/TIME/ DELT,TSE:,TMIN,TIOUR,TDAY,TWEEKTMONTH,TYEAR, N170 ....

1 TMAXDELTPDELTU,DLTPM1,DLTUMIITITMAX N180 ....
DIMENSION IPBC(NBCN),PBC(NBCN),IUBC(NBCN),UBC(NBCN), N190 ....

1 QIN(NN),UIN(NN),QUIN(NN),I SOP(NSOP),IQSOU(NSOU) N200 ....

C N210 .... -
C ..... DEFINITION OF REQJIRED VARIABLES N220 .....
C . .............. N230....
C NN = EXACT NUMBER OF NODES IN MESH N240 ....
C NPBC = EXACT NUMBER OF SPECIFIED PRESSURE NODES N250 ....
C NUBC = EXACT NUMBER OF SPECIFIED CONCENTRATION N260 ....

OR TEMPERATURE NODES N270 ....
S.N2B....

C IT = NUMBER OF CURRENT TIME STEP N290....

C ........ N300 ...

C TSEC = TIME AT EN) OF CURRENT TIME STEP IN SECONDS N310 .... .
C TMIN = TIME AT EN) OF CURRENT TIME STEP IN MINUTES N320 .... -
C THOUR = TIME AT END OF CURRENT TIME STEP IN HOURS N330 ....
C TDAY = TIME AT END OF CURRENT TIME STEP IN DAYS N34C ....
C TWEEK TIME AT END OF CURRENT TIME STEP IN WEEKS N350 .... '

C TMONTH = TIME AT END OF CURRENT TIME STEP IN MONTHS N360 .... .

C TYEAR TIME AT END OF CURRENT TIME STEP IN YEARS N370 .... - -
.. . . . . . . . . . . . . . .. . . . N380 .. ...

C PBC(IP) = SPECIFIED PRESSURE VALUE AT IP(TH) SPECIFIED N390 .... .

C PRESSURE NODE N400 ....
C UaC(IP) = SPECIFIED CONCENTRATION OR TEMPERATURE VALUE OF ANY N410 ....

C INFLOW OCCURRIN3 AT IP(TH) SPECIFIED PRESSURE NODE N420 ....

C IPBC(IP) ACTUAL NODE NUMBER OF IP(TH) SPECIFIED PRESSURE NODE N430 ....
C [dHEN NODE NUMBER I:IPBC(IP) IS NEGATIVE (I<0), N440 ....
C VALUES MUST BE SPECIFIED FOR PBC AND UBC.] N450 ....
C N460 ....
C UBC(IJP) = SPECIFIED "ONCENTRATION OR TEMPERATURE VALUE AT N470 ....

C IU(TM) SPE:IFIED DONCENTRATION OR TEMPERATURE NODE N430 ....
C (4HERE IUD=IU+NPBC) N490 ....

C IU3C(IUP) ACTUA NODE NUMBER OF IU(TH) SPECIFIED CONCENTRATION N500 ....
c OR T mPERATURE NODE (wHERE IUP=IU NPBC) N510 ....
C 4WEN NODE NUMBER I=IJBC(IU) IS NEGATIVE (I<0), N520 ....
C A VALJE MjST 8E SPECIFIED FOR UBC.] N530 ....

... ........................................................... N540 ....
ISG'(QP) NOOE NUM5ER OF IQP(Ti) FLUID SOURCE NODE. N550 ....

C [WMHN NODE NJMBER I:IQSOP(I P) IS NEIJATIvE (I< ), N560 ....
C VALUES MjST 3E SPECIFIED FOR QIN AND UIN.] N570 ....
C IN(-,) = SPECIFIED FUID SOURCE VALJE AT NOOE (-I) N5O ....

JIN(-I) = SPECIFIED :ONCENTRATION OR TEMDERATiRE VALJE OF ANY N590 ....

INCLOW JCCJRQIN$ AT FLUID SOURCE NODE (-I) NOO .... .

349
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C * N6-0...
. . . . . . . . . . N 6 1 0 .o o .. . .

I SOJ(IU) NODE NuM ER JP I.U(Ti) ENERGY OR NO20 .. .. 
SOLJTE MASS SOURCE NODE No3Q ....

C [WHE NODE NJMBER I=I SOU(I~u) IS NEGATIVE (I<O), N640 ....
A VAUE MUST BE SPECIFIED FOR UIN.] N650 ....

C TJIN(-I) = S'ECIFLED ENERGY OR SOLUTE MASS SOURCE VALUE N660 ....
AT NOOE (-I) N670....

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . No 0 ...... i
N090 ....
N700 ....

C ..... NSOPI I ACTUAL NJMBER OF FLUID SOURCE NODES 710. . ..
NSOPI=NSOP-I N720 ....

: ...... NOIl IS ACTJAL NjMBER OF ENERGY OR SOLUTE MASS SOURCE NODES N730 ....

NSOUI=NSOU-1 N740 ....

C N750. . .

SN770 ... .

N780 ....

N790 ....

C N800 ....

IF(IP3CT) 50.240o,240 N810 ....

C ----------------------------------- N820 ....
- ---------------------------------- N830 ....

C..... SECTION (1): SET TIME-DEPENDENT SPECIFIED PRESSURES OR N840 ....

C CONCENTRATIONS (TEMPERATURES) OF INFLOWS AT SPECIFIED N850 ....
C PRESSURE NODES N860 ....
C N870 ....

50 CONTINUE N880 ....
00 200 IP=1,NPBC N890 ....
I=IP3B.(IP) N900 ....
IF(I) 10O,20O,200 N910....

100 CONTINUE N920 ...

C NOTE : A FLOd AND TRANSPORT SOLUTION MUST OCCUR FOR ANY N930....
C TIME STEP IN W-ICH P8C( ) CHANGES. N940 ....
C PdC(IP) (( ) N950 ... .

C U3C(IP) =( )) N960 .... 1
?00 CONTINUE N970....

------------------------------------------ N980. .o.C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N990o . ...
C Ni000 ...
- N010o...

c %i1020...
Ni030 ...

C N1340.. •
NI 050..

243 IF(IJBCT) 25),440,440 NI00...
- ---------------------------------- N1070...

: ----------------------------------- N1080...
: ... SECTION (2): SET TIME-DEPENDENT SPECIFIED NI090...

C C0NCENTRATIO4S (TEMPERATURES) Nl100...
Nl110...

20 CONTINUE N1120...
00 .0 IU=I,NjBC N1130...
IJP=IU NPBC N1140...

I=Ir 3C(IUP) N1150 ...
IF(1) 300,40,400 N1100...

300 CONTINUE N1170...
C NOTE : A TRANSPORT SOLUTION MUST OCCUR FOR ANY TIME STEP N1180 .
C IN 4HI14 U3C( ) CHANGES. IN ADDITION, IF FLUID PROPERTIES N1190...
C ARE SENSITIVE TO 'j" TIEN A FLOW SOLUTION MUST OCCUR AS WELN1200...

33()
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C SUBROjTINE B T I M E SUTRA - VERSION 1284-20 NIO .....

C uaC(IUP) (C N1210...
400 CONTINUE N1220...

----------------------------------- N1230...

----------------------------------------- N240. ..
C N1250...
C Ni 260..
C N 270... 

N1280 ....
C N1290...
C N1300...

440 IF(I SOPT) 450,640,643 N1310...

- - - - ------------------- ---- - - - - -- Ni 320...
C ----------------------------------- N1330...
C ..... SECTION (3): SET TIME-DEPENDENT FLUID SOuRCES/SINKS, N1340...
- OR :ONCENTRATIONS (TEMPERATURES) OF SOURCE FLUID N1350...

C Ni 360...
450 CONTINUE N1370...

DO 600 IQP:INSOPI N1380...
I=IQSOP(IQP) N1390...

IF(I) 500,600,600 N1400...
500 CONTINUE N1410...

C NOTE : A FLOW AND TRANSPORT SOLUTION MUST OCCUR FOR ANY N1420 .... •

C TIME STEP IN WHICH QIN( ) CHANGES. N1430...
C QIN(-I) = ( )) N1440...
C NOTE : A TRANSPORT SOLUTION MUST OCCUR FOR ANY N1450...

C TIME STEP IN WHICH UIN( ) CHANGES. Ni460...
C UIN(-I) = ( )) N1470...

600 CONTINUE N1480...
C ----------------------------------- N1490... ... ,
C ----------------------------------- N1500...
C N 1510 ... .
C N1520.. .
C N1530 ...
C N1540...
C N1550...
C N1 560...

640 IF(ISOuT) 650,840,840 N1570...

C ----------------------------------- N1580...
C - - --------------------------------- Ni 590. ..
C ..... SECTION (4): SET TIME-DEPENDENT SOURCES/SINKS N1600...
C 3F SOLUTE MASS OR ENERGY N1610.

Ni 620..
650 CONTINUE N163C...

00 830 IQJ=iNSOUI Ni 640...
I=I. SOU(I.)u) Ni 650 .-.-.
IF(U) 700,803,B00 N1660...

730 CONTINUE N1670...
C NOTE : A TRANSOORT SO UTION MJST OCCUR FOR ANY N1680...
C TIME STEP IN WHICH QUIN( ) CHANGES. N1690...

C ZJI'4(-I) (( )) Ni700 ...

3) ONTINUE N 710 ...

- - - - ------------------- ----- - - - -- N1720. ..

C N 7#0...C N1750..
C N 1760...

C NI ? . .... '

Nil 780.
Ni 793...

32 CJNTINUE i0I 30...

351 0
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SUBROUTINE A 0 S 0 R B SUTRA - VERSION 1284-20 010 .....

SjBROjTINE A 0 S 0 R 3 SUTRA - VERSION 1284-20 010 ......

020 .....
*PuRP3SE 030 ....03 .

S** TO CALCULATE VALjES OF EQUILIBRIuM SORPTION PARAMETERS FOR 040.....

LINEAR, FREJNDLI.H, AND LANG4UIR MODELS. 050 .....

060 .....
SuBROUTINE A3SORB(CSICS2,CS3,SLSRU) 070 .....
IMPLICIT DOUBLE PRECISION (A-HO-Z) 080 .....
CHARACTER*IU ADSMOD 090.
COMM3N/MOOSOR/ AOSMOD 010....
COMMON/DIMS/ NNNENI',NBI,NS,NBHALFNPINCHNPBC,NUBC, Ol!....

1 NSOPNSOUNBCN 0120....
COMMON/PARAMS/ CO4PFL,COMPMA,DRWDJ,CWCS,RHOS,DECAYSIGMAWSIGMAS,0130 ....

1 R1OWOURHOW0,VISC0,PRO0FIPRODS1,PRODFO,PRODSOCHI ,CHI2 0140 ....

DIMESION CS,(NN),CS2(NN),CS3(NN),SL(NN),SR(NN),U(NN) 0150 ....

0160 .... 
NOTE THAT THE CONCENTRATION OF ADSORBATE, CS(I), IS GIVEN BY: 0170....

CS(I) = SL(I)*U(I) + SR(I) 0180 ....
0190 ....

.... NO SORPTION 0200 ....
IF(AOSMOD.NE.'NONE ) GOTO 450 0210....

DO 250 1=I,NN 0220 .... a

CSI(I)=0.D0 0230 .... 
CS2(I)=O.00 0240 ....
CS3(I)=O.DO 0250 ....
SL(I)=O.DO 0260 ....
SR(I)=O.DO 0270 ....

250 CONTINUE 0280 ....
GOTO 2000 0290 ....

0300....
. LINEAR SORPTION MODEL 0310....
450 IF(AOSMOD.NE.'LINEAR ) GOTO 700 0320 ....

0 530 I=INN 0330 ....
CS1(I)=CHI*RrlOW3 0340 ....
CS2(1)=O.O0 0350 . .. ..
S3(1)=0.DO 0360 ....

SL(I)=CHI1*RIOWO 0370 ....
SR(I)=O.DO 0380 ....

500 CONTINUE 0390 ....
SOTO 2000 0400 ....

0410 ....
...... rREUNOLICH SORPTION MODEL 0420 .... 
7J0 IF(A)SMOD.NE.*FREJNOLICH*) GOTO 950 0430 ....

C HCrH=C I 1 PMi12 0440 ....
OCHI2=1.0O0C-4I2 0450 ....

CZ42:RHOW3**DoHI2 0460 ....
CMI2F=((1.00 -112)IC4I2) 0470 ....
CCH12=-HI1**0C-U2 0480 ....

Do 750 I=1,NN 0490 ...
IF(..(l)) 720,72J,730 0500 ....

720 JCH=1.000 0510 ....
SOTO 740 0520 ....

733 UOH=J(I)**CH121 0530 ....
7.) QJ=RI2*uCm 0540 .... 

Cz1 (t)zCHCe*j 0550 .. ..
CS2(1)=3J.D3 0560 ....
S3(1)=0. JO 0570 ....

SL(I)=Cr1 2*RJ 0580 ....
SR(1)=0.D2 0590 ....

7) CO%'TINJE 0030 ....
3
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C SJSR3UTINE N 3 0 A L 8 SUTRA -VERSION 1284-20 T10 ..

C T20 ....
C * ~PURPOSE T30 ..

C** (1) TO CARRY OUT ALL CELLWISE CALCULATIONS AND TO ADD CELLwISE T40 ..
C** TERMS TO THE GLOBAL BANDED MATRIx AN4D GLOBAL VECTOR FOR T50 ..

C ** BOTH FLOW AN3 TRANSPjRT EQUATIONS. T60 ....
C** (2) TO ADD FLUID SOURCE AND SOLUTE MASS OR ENERGY SOURCE TERMS T70 ..

C ** TO THE MATRIX EQJATIONS. T80 ....
C T9C ....

SUBROUTINE NODALB(MLVOLPMATPVECUMAT,-UVEC,PITERUITERPMI ,UM1, T130....
1 UM2,PORQINUINOUINCSlC52,-CS3,SLSRSWDSWDPR10,SOP) Ti110 ....
IMPLICIT DOU3LE PRECISION (A-aO-Z) Ti2 2....
COMMON/OIMS/ NNNENINNBINBNBHALFNPINCHNPBCNU3',f T130 ....

1 NSOP,NSOUPNSCN Ti140 ....
COMMON/TI4E/ DELTTSE2,TMINTIOURTDAYTWEEK,TMONTH,TYEAR, T150...

1 TMAX,OELTPDELTUDLTPM1,DLTUM1 ,IT,ITMAX Ti160 ....
COMMON/PARAMS/ COMPFL,COMPMA,DRWDJ,CW,CS,RHOS,DECAYSIGMAW,SIGMAST170 ....

1 R4DWOJRHOWOVISCOPROOF1,PRODS1 ,PROOFO,PRDOSO,CHI1,CHI2 T18BO....
COMMON/SATPAR/ PCENTfSWRES,PCRES,SSL3PESINCPT Ti190 ....
COMMON/CONTRL/ GNJ,UPDTMULT,DTMAX,MEISSFLO,ISSTRA,ITCYC, T2003....

1 NPCYC,NUCYC,NORINT,IREADISTORE,NDUMAT,IUNSAT T210 .. ..
DIMENSION VOL(NN),PMAT(NNN81I),PVEC(NN),UMAT(NNNBI) ,UVEC(NN) T220 ....
DIMENSION PITER(N'4),UITER(NN),-PM1 (NN)oUMi (NN),UM2(NN), T230 ....

1 POR(NN),QIN(NN),UIN(NN)j.QUIN(NN),CS1 (NN),CS2(NN),CS3(NN), T240 ....
2 SL(NN),SR(NN),SW(NN),RHO(NN),DSWDP(NN),SOP(NN) T250. ...

C T260. .. .
C T270. .. .

IFCI JNSAT.NE.*0) IJNSA T1 T280...
C T290. .. .
: ...DO NOT UPDATE NODAL PARAMETERS ON A TIME STEP WHEN ONLY U IS T300 ....
C SOLVED FOR BY SAC( SY3STITUTION CIE: WHEN N0UMAT~l) T310 ....

IF (NJUMAT) 53,50P200 T320 ....
C ......SET JNSATuRATED FLOW PARAMETERS AT NODES, Sw(I) AND DSWDP(I) T330 ....

50 DO 120 1=1,N4 T340 ....
IFCIJNSAT-1) 120,100,120 T350 ....

100 IF(PITER(I)) 110,120,120 T360 ....
110 'CALL JNSAT(Sw(I) ,DSWD?(I),RELK,PITER(I)) T370. .. .
120 CUNTINUE T380. ...

C .. .. ..SET FLUID DENSITY AT 4ODES, RHO(I T390. .. .
C RHO =F (jITER(I)) T400. .. .

DO 153 I11,N4 T 410. .. .
150 RHiO(r)=RH0W+DRDJ*(UITER(I)-JRHOW~O) T420... .
200 CONTINUE T430 ....

T440 . . ..
00 1030 11,oNN T450. ...
SvRHJN=SW (I) *RHO (I) T460...

C T470. ...
IF(ML-1) 220,220,233, T 48 0. . . .

T490. .. .
..... ZLCJLATE CELLW.SE TE~mS FOR~ P EQJATION T53J . ...

... OR STEADY-STATE ;LOw, iSSPLO=2; :OR TRANJSIENT FLOW, ISS=LO=3 T 510. .. .
222 AFLN=(l-ISSFLO/2)* T520 ...

1 (SWRHON*SP(I)PR(IJ.RO(I)*O.4CD(I) )*VOL(I)f2DELTP T 5 3 .. ..
CFLN:POR(I).Sr,(l)*0- wJ.VZL(I) T540 ....
DjT=(l-ISSFLO/f2)*C(I~)-um2(T))/J)Lrtm T5 5 0....
SFL N =2FL NhJuOT T 560 .. ..

.. ... a33 :ELLWISE TIR"S 4ND FLjID SJLJR2ES 3P~ %;XE TO 0 E UATIO* T 5 7 .. ..
-~~ A;:r:,L.AL) T 5 32.

CI PvU I + 5%*~ :) ..
T 6 2..



Sj 4,T N S 3 A .S T - Vm :R ION 1284.-2D S10..O

C Sj~k~jTINE G L0 3 A * ~ SuTRA -VERSION 128'4-20 S10.. .
S2.

TO ASSEM3LE RESULTS OF ELEME'ilwISE INTE RATIONS INTO S40 ..
A -LOBAL BANDED IATRIX AND 5LO3AL V>.:CTOR FOR BOTis S50 ....

C**FL-d. AND TRANSPORT E4QUATIONS. S60.
S70.

S'j3R)uTINE GLD3AN(L,4...VOLEo3FLOWEOFLOWEBTRANEDTRANE, 580o ..
1 1 NpVULiPMATpPV7ECjJAATpUVEC) S90 ..

IMPICIT ODu3LE PRECISION (A-H.-0-Z) 5130. ...
CO9MTN/DIMiS/ 'NNNENINpNBINBNBAIALFNPI NCHNPSC,,NUBC. silo ....

1 N4S3P0NSOJN3CN 
Si 203....

.,OMM.iON/CONTRL/ CJJP,OTMJLTDTMAX,-ME, ISSFLOI SSTRA, ITCYC, S130...
I NPCYCNUCY'C,NPRINTIREAD,ISTDRENU4ATIUNSAT S140...
DIMENSION 3FL3OE(4,4),OFLDWE(4),BTRANE(4,4),DTRANE(4,4),VOLE(4) S150...
DIME'diION VOL(NN),PMAT(NN,NBI) ,PVEC(NN),JMAT(NNNBI),UVEC(NN) S160 ....
3:MENsION IN(NIN) S170. ...

C Si3 0. .. .
Ni :(L-1 )*4.*i S190 ...
'4N1 *3 S200...,

C S210
... ADD RESULTS OF INTEGRATIONS OVER ELEMENT L TO GLOBAL S220 ....

P-'MATRIX AND P-VECTOR S230 ....
IF(ML-1) 50P50A153 S240 ....

50 IE=0 S250. .. .
00 133 II=NlN4 S260 ....
IE=2:2* S270...
I3= 11(II) S280. ...
VDL(It3)=VOL(I3)*VOLE(IE) S290. ...
PvEC(I8)=PVE:(Ib).DFLDWE(IE) S300 ...
JE=O S310. .. .
D0 130 JJ=N1,N4 S320 ....
JE=JE*1 S330 ....
Jcs=1N(JJ)-IS*NBHALF S340. .. .

1iO GMAT CIBJB3)=DMAT(I5vJa) +BFLOdE (IEJE) S350 ....
IF(ML-1 ) 150P300,150 S360...

c 5370. .. .
C...... ADD ESULTS OF INTEGRATIONS OVER ELEME2NT L TO GLOBAL S380...

U-MATRIX S390...
150 IF(NOUMAT.EQ.1) 53TO 300 S400....

O 230 II:NlfN4 S420. .. .
I E = IP + 15430o. ..

I B= IN(II) 5440 ....
C ......POSITION FOR ADDITION TO u-vE-TOR S450 ....

JE2u S470. .. .. 4

00 233 JJ:Nl,N4 S430 ....
J,:JE*1 S490 ....
J8=IN4(JJ)-I8*NBHA F S500 ...

?J0 JMAT(IB,j3)=J4AT(I~,J3)*OTRAN2E(IEJE)tBTRANE (IEJE) 5510...

333 ON T 1N JE S530 ...
S540 .. .

C S550. ...
RCTUR'45560 ...

=ND S570 ....



C SUBR)UTINE U N S A T SUTRA - VERSION 1284-20 RID ....

C CODI'- MUST 3IVE A VA.UE TO DERIVATIVE OF SATURATION wITH R610....
C RESPECT TO PRESSURE.- 3Sw~DP. R62o..:

600 CONTINUE R640 ....

DNUM=AA*(VN-1.DO)*SwR41*(AA*(-PRES))**(VN-1.00) R660 .... -

ONOM=AAPVN*AAPVNN R670....
D S d D p = DNUM/0NOM R680 ....

---- --- --- --- ---- --- --- --- --- Ro90....

?OTO 1803 R700 .... 

C R730 ....
C R740 .... -
C R750 ....
C R760 ....
C R770 ....
C R780. ....

C ..... SECTIDN (3): R810 ....
C RELK VS. P, JR RELK VS. Sw (CALCULATED ONLY WHEN IJNSAT=2) R820 ....
C CODING MUST SIVE A VA.UE TO RELATIVE PERMEABILITY, RELK. R830 ....
C R840 ....

1230 CONTINUE R850 ....
C ----------------------------------- R860 ....
C ENERAL RELATIVE PERMEABILITY MODEL FROM VAN GENUCHTEN(1980) R870 ....

SWSTAR=(Sw-S4RES)/SwqMI R8 0 ....

R E L K DS.RT(S4STAR)* R890 ....
1 (1.DO-(1.DJ-SWSTAR**(1.DO/VNF))**(VNF))**2.O0 R900 ....

-------------------------------------- 910. ...
R920 .... A
R950 ....

C R960 ....

C R970 ....

R930 . ...

C R990 .... 
C R10 00...
l300 RETURN Pl01O...

C RI 020...

END R1030... 

* 1?

*2 4_.
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C S,3RguTINE U N S A T SUTRA - VERSION 1284-29 RI0 ...

R23.
P** U4 RPOSE R 30 ...

O * SER-PRO&RA4MED SU8ROUTINE GIVING: R40 ....

r ,.* (1) SATURATION AS A FUNCTIOi OF PRESSURE ( SW(PRES) ) R50 ...
O ,., (2) DERIVATIVE )F SATURATIOq WITH RESPECT TO PRESSURE R60 ...
C AS A FJNCTION OF EITHER PRESSURE OR SATJRATION R70 ...
C *** ( DSWDP(PRES), DR DSWOP(SW) ) R80 ...

*** (3) RELATIVE PERMEABILITY AS A FUNCTION OF EITHER R90 .....
o *** PRESSURE OR SATjRATION ( REL(PRES) OR RELK(SW) ) Rio0....
C - Ri l0....
C *'* CODE 3ETvEE4 DASiED LINES MUST BE REPLACED TO GIVE THE R120 ....

PARTICULAR UNSATJRATED RELATIONSHIPS DESIRED. R130 .... <

R140 ....
SJBR)uTINE UNSAT(SW,DSWOP,RELK,PRES) R150 ....

IMPLICIT DOUBLE PRECISION (A-rO-Z) R160 ....
COMMON/CONTRL/ GNJ,JP,DTMULT,OTMAXME, ISSFLO,ISSTRA,ITCYC, R170 ....

1 NPCYC,NUCYC,NPRINT,IREADISTORE,NDUMAT,IUNSAT RiO ....

R190 ....
------------------------------------- -- R200 .... ..
C THREE PARAMETERS OR JNSATURATED FLOW RELATIONSHIPS OF R210....
C VAN ENUCHTEN(198 ) R220... *

RESIDUAL SATURATION, SORES, GIVEN IN UNITS [L**O] R230....
c PARAMETER, AA, GIVEN IN INVERSE PRESSURE UNITS [m*(s**2)/kg) R240....
C PARAMETER, VN, GIVEN IN UNITS [L**O] R250 ....

DATA SWRES/O.30/, AA/5.0D-5/, VN/2.000/ R260....
C ---------------------------------- -- R270....

R280.... S
R290 ...
R300..

R 3 1 0 .. . .
R320 ....

C R330 ...

..... SECTION (1): R360 ...
C Sr VS. PRES (VA.UE CALCJLATED ON EACH CALL TO UNSAT) R370....

:ODIN; MUST ;IVE A VAUE TO SATURATION, Sw. R380. il
R 390 .. . . -

----------------------------------------------------
R400. .. .THREE PARAMETER MODEL OF VAN ENUCHTEN(1980) R410....

SwRMl=I.O0-SWRES R420....
AAPV4=1.D0+(AA*(-PRES))**VN R430 ..
VNF=(vN-1.0Q)/VN R40 ....
IAPV'4=N=APVN**VNF R450 ...

S w SpiES SWRMl/AAPVNN R450 ....

~R'?O ....- R470 .. ..

R510 ....
R520. ...
R530... .
R54O ....
R 550... .

F( J'S T-?) " ,1200,180 R 560 ... ..

S W j VS. DR 3, ) uziS-P VS. SW (CA.COJATE3 ONLY wHEN IjNSAT=1) RO]O ....

.. . . . . .. . - ,-- -. -- ------ ' --------. ...- -, - .- •



SJBR3jTINE B A S I S 2 SUTRA - VERSION 1284-2D 010 .....

C 01810.. ..
C ....... A$YMIETRIC FJNCTIONS SIMPLIFY WHEN UP=0.0 01820 .. .

IF(uP.GT.1.O)-6.AND.N)UMAT.EO.0) GOTO 1790 01830...
D3 1760 1=1,4 01840 ... 
W(I) F(I) .1850.. .
0DAx;(I)=DXC(I) 010...
DwDY3(I)=DFOYG(I) r1870...

1780 CONTINUE ;1880...
C..... RETURN WHEN ONLY SYMMETRIC WEIGHTING FUNCTIONS ARE USED 01890...

RETURN 01900...
C 01910...
C ..... ALCJLATE 'LUID VELOCITIES WITH RESPECT TO LOCAL COORDINATES, Q1920...
C ..... .. VXL, VYL, AND VLMAG, AT THIS LOCATION, (XLOCYLOC). 01930...
1790 VXL=CIJ11,VXS+CIJ21*VYG Q194C0...

VYL=CIJ12*VXG+CIJ22*VYG 01950...
VLMA=DSQRT(VXL*VXL+VYL*VYL) Q1960...

C 01970...
AA=O.ODO 01980...
83=0.000 01990...
IF(VLMAG) 1930,1930,1300 C2000...

1800 AA=UP*VXL/VLMAG Q2010...

C 02030...
1900 XIXI=.75000*AA*XF1*xF2 Q2040...

YIYI=.750OO3BS*YF1*YF2 Q2050...

00 2300 =14 2060 .. .AFX(I)=.5000*FX(I)+XIIX(I)*XIXI Q2070...
2030 AFYCI)=.53000*FY(I)+YIIY( i)*YIYI 02080 ... *

C 02090... 
C ..... CALCJLATE ASYMMETRIC WEIGITIN; FUNCTION, W. 02100...

00 3300 I=1,4 Q2110...
3)00 W(I)=AFX(I)*AFY(I) 02120...

C 02130...
TriAAX=0.50O0-1.5000*AA*XL3C Q2140...
THBBY=O.500-1.50)0*Ba*YLOC Q2150.....
00 4030 I=1,4 02160...
XDW(I)=XIIX(I)*THAAX Q2170...

4030 YDW(I)=YIIY(I)*TH3BY 02180...
C 02190...
C ...... CALCJLATE DERIVATIVES WITH RESPECT TO LOCAL COORDINATES. 02200...

00 5)00 I=1,4 02210...
DWDX,(I)=XDw(1)*AFY(1) Q2220 ...

5000 Dw3Y,(I):YDw(l)*AFX(I) 02230 ...
C 02240...
C .... CALCJ ATE DERIVATIVES WITH RESPECT TO GLOBAL COORDINATES. 02250...

00 0)00 I=1, 02260 .. .
DWMXO (1)=C1J11*)W)XL(I)+C:J12*DwDYL(i) 02270...

JJ3 D.Y;(I)=LIJ21*D JXL(I)+CIJ22*DDYL (I) Q2280. . .
C C2290...

02300 .. .

END 232C .

- * -- *.- - -,N V



j T S S 2 S, RA -VERSION 1234.-2D 1l...

JJ ;3.zi01220 .. .
01230 ...

T I C K J.JD)Q 01240 .. .
DO 1300 IL=l 4 01250 .. .

I =I N QI 01 270 ...

DO0X3DPDA"*ovEL(I) *0FOXZ,(IL) Q1280..
DjPOY=PY;G+PO (I)r I LDG IL) 020..
T.iCl=~CK+H: kF(IL) 01 310 ...
DITE:-PITER+ITzR(I) F I L 01320.. -

,JIrE~l;=UITER54u!TrER()*F (IL) 01 330 ...
120) CJNTI;NUE 01340 ... -

Ql1350 .. .
.. ET VALuES F)R DENSITY AN) VISCOSITY 01 360..

SRm-IT = FUNCTIJN('JR Ql13 7 0.
RH-OG= i1Od+3Rw.,DL* (UITE-RG-uRti0W0) Q1380 ...

Z .. VISCS FjNCTION(JITER) Q1390 ...
C VISCOSITY IN UNITS OF vISCJ*(KG/(M*SEI.)) 01400..

IF(ME) 1300,130J.-1200 01 410. .. ''
*12JO VISCS=VISCO*239.43-7*(1O.J0**(248.37DO/(UITERG+133.15DO))) 01420...

0OT0 1400 Q1430 ...
c .... OR SOLUTE TRANSP)RT ... VISCS IS TAKEN TO BE CONSTANT Q1440 ...

1 1333 VISCG=VISCO 01450 .. .
1400 CJNTINUE 01460 ...

01470 .. .
... SET JNSATLJRATED F-..W >ARAMETERS SWG AND RELKG 01480 ...

IF(IJNSAT-2) 1633,1 533P1600 01490 ...
15J0 IF(PITERG) 1550pl 00,1600 Q1500..
l 5j0 CALL UNSATCS4GD0,SADPGRELKGOITER'G) 01510...

30TO 1700 Q 1520 ..

R2'LK=1 .0)) 015 4 0 ..

1 703 CONT INUE 01 550..

C...CALCJLATE CONSISTZNT FLJIO VELOCITIES WITH RESPECT TO GLOBAL Q1570 ...
COORC.INATESP V;G.- VYG, AND VGMAG, AT THIS LOCATION.- (XLOCPYLOC)01580 ...

DENOM=1.0J/(PORG*SWG*VISCS) 01590 ...
PG~zJDXG-RXGM101600...

PCV= )POYG-RGYGM1 01 610 .. .
SZzqO JUT RAN)O0M 33UYA4T DRIVING FORCES DUE TO OIFFERENCLNG Q1620...
:...NUMBERS PAST PRCISION LIMIT 01630 ...

: .. MINIMJM DRIVING :ORE IS51.0-10 )F PRESSiRE GRADIENT 01640..
.....(THIlS VALUE MAY 3E C~iANGED DEPENDING ON 9ACH1INE PRECISION) 01650..

!F(O'0EG) 1720,1 730,1720 01660..
1720 ltz(.A3S(PG-X/)PDXS)-1.JD-lj) 1125,1725,1730 01670....
1 725 P,.,x==JO0 01680 .. .
1 73) IF(D?DYG) 175O,17bO,1?5O 0 16 90..
17)] IF(DA8S(PClY/DPDY5)-l.0D-lj) 1755,1755,1760 01700...
1 75 5 %Y=J.000 0 1710 ..
1 7t ' vx, -)ko * c;:m x L *P X P RiY L * G ) R L 01720 ...

VY:,-JEN'0M(EMYX(L)PGX4PE1e4YY(L) APO-Y)*RELK, 017 3 0...
VA2=VXG'vE.. '117.0 ...

v y v y G * v 017 50 .. .

017 70 ...
.. T TiLS POINT IN -.OCA- CODQOINATE;, (XLO:,YLOC ), 01780..

i C.ALCUJLATE I~SYM4ET:ZIC wwEIG-9TIN; FuNCTIJ)NS, w(I).. 01790..
AQJ SPACE )ERlwll.IvES, '3w2KG(I) AN) 0.4JYG(I). 080.



C SUaROUTINE B A S I S 2 SUTRA -vERSIONj 12E4-2) C1 ..

C C~610 0. ...
C CALCULATE ELEMENTS OF JACOSIAN MA4TRIX.- CJ. C620 .. ..

C 111 0. D 0 C630 ....
CJ12=O.DO C t40..
CJ21=0.0050.Q
CJ122 =O0.D 0 6C60* .

00 100 IL=1,4 C7
II=(L-1)*4+IL C

Cjl 1=CJl 1+CFDXL(IL) *X(I) Q0
CJ1 2=CJ12+CFDXL( IL) oY(I) C0710 ....
C J21 =CJ?1 +DFDYL (IL).X (I) C072 0. ...

10C CJ22=CJ224D)FOYL(IL)*Y(l) 073C0...
C C740 ... .
C ..... CALCtJLATE DETERMINANT OF JACOBIAN MATRIX. C750..

OET=Cjll1*CJ22:CJ21 *CJ1 2 0760.:
C 0770 ....
C ......RETURN TO ELEMEN WITH JACOBIAN MATRIX ON FIRST TIME STEP. C780....

IF( ICALL.EQ.O) RE TURN C9

C..CALCULATE ELEMENTS OF INVERSE JACOBIAN MATRIX.- CIJ.
ODETl .00/DET 02..
CIjll=+ODET*CJ22 0....
CIJi 2=-OOET*CJ1 2 0E40 ....
CIJ21 =-ODET*CJ21 QE5O....

*CIJ22+ODET*CJl 1 060 ...
C Cl ! 7 C....

C ... CALCULATE DERIVATIVES WITH RESPECT TO GLOEAL COORDINATES C..

002301!=CIJ11*DFDXL(I)+CIJ12:CFOYL(I) 00..

2090 ..

C. ...CALCULATE CONSISTENT COMPONENTS OF (RZm0*G;ZAV) TERM IN LOCAL 9 3.
C COORDINATES AT THIS LOCATIONt (XLOC.YLCC) C94C ....

RGXL=O.DO 050 ....
RGYLO00 C... O

ADFDXL=OABS(DFDXL(IL)) c1932C ..
*ADFDYL=DAES(DFOYL(.L) ) Q01030 ...

RG'XL= GXL4RCIT (I)-GXSI (LIL)*ADFODXL r.1040 ...
RGYL:RGYL+RCIT(I) .GETA(LIL)*ACFDYL 050 .. .

RGXLM1:RGXLMJ+RCITMi (I)*GXSI(LIL)*AOFDXL 0106C0...
F YLM41=:CYLM1+RCITM1 (1)*GCTA(LIL)-AD'FDYL 017 ...

500 C 3NT INUF 0. 0...
C C1 09C...

C...TRANSFORM CONSISTENT COMPONENTS OF CPkHO*GORAV) TENM TO ;1 1 1c,.. .
CGLGEAL COCRDINATES 0i1110 ...

RGYG=CIJ21*RGXL4CIJ22*R YL C1130 ...
;GxGml=CIJll*RGXLM1 +CIJ1 2*RGYLMI 0l1 140.. .
RGYGMi =CIJ21 *RGXLM1 +CIJ22*RGYLM1 C115C ...

C 0 160....
C .. .. ..CALCULATE PArAMETIER VALUES AT THIS LCCITIO. CXLOC,YLOC) Cl1 7 C. ..

* C 011 Z-c ...
PITERG=O.0O Q11i;c ...
U ITE ;G=O.*DC 01C C ...



C UzATN UTA VRIN15-0Q0..

C SU3ROUTINE 3 A S I S 2 SUTRA -VERSION 1254-20 010d...

C C20 ..
*C * PURPOSE C0 3..
*C * TO CALCULATE VALUES OF BASIS AND WEIGHTING FUNCTIONS AND THEIR Q40O..

C ** DERIVATIVESP TRANSFORMATION MATRICES BETWEEN LOCAL AND GOCAL 050 .....
C **COORDINATES AND PARAMETER VALUES AT A SPECIFIED POINT IN A ctC ..
C Q~ 'UADRILATERAL FINITE ELEMENT. Q70..
C cO0

*SU2ROUTINE BASIS2(ICALLLXLOCYLOCINX.,YFWDET, '90 ..
1 DFDXGDFDYOCCX,0D DYG, PITERUITERPVELPCR,-TrICKTHICKG, 10..
2 VXGoVYGt S.w, RHOGV ISC'GPORC.,VGMAG, RELKO,010..

-. 3 PE:P XXPERMXY,'E-RMYX.PERMYYCJl1,CJ12,-CJ2lCJ22, C12) ....
4 GX SIGETARCITRCITM1 ,RGXGRGYG) ^l133. .. .

IMPLICIT COU3LE PRECISION (A-H,C-Z) Q1403...
COMMON/DIMS/ NN,NENINN4BI, 42,NEHALFNPINCMtNPECeNUBC, C015 0. ...:

1 NSOPPNSOUPN3CN '1 0 ... .
COMMON/CONTRL/ GNUUP,CTMULT,DTMAX,MEISSFLO,ILSSTRA,:TCYC, 017C0....

1 14PCYCPNUCYCotJPRINToIREAO,ISTORE.-NOUMATPIUNSAT 0 18)3. .. .
COMMON/SATPAR/ PCENT,SWRES,PCREStSSLOPE,SINCPT C190 ....
COMMON/PARAMS/ COMPFL,COMPPADRWOU,CW,CS,ROS,CECAY,SIGMAW-SIGMAS,0G...

* 1 RMOWCURHOWO,VISCOPRCDF1,PRODS1,PRODFO,PROCSO,CHI1,CMI2 0210..
0CONM0N/TENSOR/ CRAVXGRAVY 0220 ....

DOUBLE PRECISION XLOCPYLCC 0230 ....
0IMENSION IN(NIN),X(NN),Y(NN),UITER(NNJ,PITERZ(NN),PVEL(NN%), 024 ...

1 POR(NN4),-;)RMXX(NE) ,PERMXY(NE),PERMYX(NE),PERMYY(NE),TH:CK(NN) C0250C...
DIMENSION GXSI(NE,4),GETA(NE,4),RCIT(NN),RCITM1(NN) 026)0...
DIMENSION F(4),W(4),DFDXG(4),DFO'YG(4),DWDXGC4),DWD0YG(4) 07..
DIMENSION FX(4),FY(4).-AFX (4),AFY (4),p 02 3.

1 OFOXL(4),DFOYL(4),-DWDXL(4),-OWDYL('A), Cz20.:.
*2 XDW(4),YDW(4),XIIX(4),YIIY(4) C03C0. .. .

DATA cIX- .D3t .0,1.C-.O,10. ...
1 YIIY/-1.00O,-1.DO,+1.DO,+1.OC/ Q32T -

C 330...
C 0343...
C ......AT TH1IS LOCATION IN LOCAL COORDINATES, (XLOC,YLCC), C350....
C CALCULATE SYMMETRIC WEIGHTING FUNCTIONS, F(I),- C360...

*C SPACE DERIVATIVES, DFCXG(I) AND OFDYG(I), AND Q0370...
C DETERMINANT OF JACOSIAN, DET. 030 ... .
C Z390. .. .

XF1=1 .D-XLOC 0400...
XF2=1 .DO+XLOC 01 c..
YF1=1.DO-YLOC 0420. ...
YF2=1.DC+YLOC 043 0. .. .

C 0440. .. .
C C..... CALCULATE BASIS FUNCTION, F. 0450...

F X (1 ) XF 1 Z460.
FX(2) =XF2 0473...
F x 3 X F2 c 4 8
F FX(4)X F1 "90
F Y(1 ) YF1 5C.
FY(2)=YF1 0510 ....

FY(3) =YFZ 0520...

*10 F(I)=0.25000*FX(I)*FY(I) 0550 ....
C 0560. .. .
C. .. ..CALCULATE DERIVATIVES WITH RESPECT TO LOCAL COORDINATES. C570. .. .

00 20 I=1,4 0530...
* . 32DXL(I)=XIIX( 1) *0. 25000*FY( I) 0 590o...

20C 0 DYL(I)=YIIY(I) *C.250*FX(I) C600. . ..

*360



V7: -7 7,7

I.

C SUBROUTINE E L E M E N SUTRA - VERSION 1284-20 Pl0 .....

..... I,.-PARALLEL CONDJ TIVITIES (DIFFUSIVITIES) FORMULA P2410 .... .

6930 ESE=ESRCG*SIGMA (1.O-0-PORG(KG))*RHOC
W S *SIGMAS P2420..

C ..... ADD DIFFUSION AND DISPERSION TERMS TO TOTAL DISPERSION TENSOR P2430...

BXXG(KG)=ESRCG*)XXGeESE P2440...

BXYG(KG)=ESRCG*)XYS P2450 ...

BYXG(KG)=ESRCG*DYXG P24o0...

7000 BYYG(KG)=ESRCG*)YYG+ESE P2470...

C P2480...

C ..... INTE3RATE SOLUTE MASS BALANCE OR ENERGY BALANCE P2490...

C USING SYMMETRIC WEIGHTING FUNCTIONS FOR DISPERSION TERM AND P2500...

C USING EITHER SYMMETRIC OR ASYMMETRIC WEIGHTING FUNCTIONS P2510 ...

C FOR ADVECTION TERM P2520...

DO 8000 I=1,4 P2530...

0 8000 J=1,4 P2540...

BT=0. DO P2550...

DT=O.O0 P2560...

DO 7500 KS=1,4 P2570...

3T=BT+((3XXG( G)*DFOXG(JKG)+BXYS(KG)*DFDYG(J,KG))*DFDXG(IKG)P2580..

1 +(BYXG(K;)*DFOXG(JK)+YYG(KG)*DFDYG(JPKG))*DFDYG(IKG))P2590...
2 *OET(KG) P2600...

7500 DT=DT+(EXG(KG)*DF)XG(JKG)+EYG(KG)*DFDYG(J
' KG)) P2610...

1 *W(IfK )*DET(KG) P2620 ...

BTRANE(IJ)=BT P2630. ..

8000 DTRANE(IJ)=DT P2640...

9000 CONTINUE P2650 ...

C P2660 ...

C P2670...

..... SEND RESULTS OF INTEGRATIONS FOR THIS ELEMENT TO P2680 ...

GLOBAL ASSEMBLY ROJTINE P2690 ...

9999 CALL GLOBAN(LMLVOLEaFLOWEDFLOWE,8TRANE,DTRANEP P2700 ...

1 INVOLPMATPVECJMATUVEC) P2710 ... -

C ---------------------------------- P2720 ....

C ----------------------------------- P2730.'

C ----------------------------------- P2740 ....
P2750 ...

C P2760...

RETJRN P2770.. .

END P2780...

- --.- -.---- -. - -- .. .-



Eu3JTLJ E m1 SS - V6R~Ijrj 1 1-jO P1J. ...

30 5400 (G:1I. P 1310 .. .
V =VO+F (IPKiG) *DET(KG) P 1320 .. .

54Jj JF:JF+( (R~XX(K.-) *%xGi(G) 4RXYC,(KG) *RGYGJ(KG) )*DFOC,(I,-KG) P1830 ...
2 4 ~YXGK5 G(K, JRYC(KG)*RGY,(KG))*DFJ)Y (IKG)) P1840 .. .

*DET(KGJ) P1 850 .. .
DO 5300 j=lr4 P1 360..
8==03.00 P1870..
DO 5600 KG~ A P 18 80 .. -

j630 3F=3F((RXG('G)*FDXA,3(oG)+RXY'(KG)*DF)YG(JKG))*0F0XG(IKG)Pl890 ..
I +(RYX-(K3)*DF0xG(JK-)*RYYG(KG)*0F0YG(JoKG)) kDFOYG(IKG))P1900 ...
2 *07T(KG) P1910 ...

53)) B=LOWE(Ioj)=BF P1920 ...
VO0L E ( I V 0 P 19 30 ...

tlj30 OFLOWE(I):)F P1940..
02Q CONTINUE P1 950..

IF(ML-1) 61 )0,900.6100 P1 960 ...
o130 IF043UMAT.E2.1) G?,0'7 9003 P1970 .. .

P1980 ...
P1990..

C ......CALCJLATE PARAMETERS FOR ENERGY BALANCE OR SOLUTE MASS BALANCE P2000....
CAT GAUSS POINTS P2010 ...

L-00 7000 KG=1,4 P2026 ...
ESWG=P0RG(KG) *SWG(KG) P2030. ..
RHOCWG=RHO0V(KG) *Cw P2040..
ESRC5=ESWG*RHCwG P2050 ...
IF(VGMAG(KG)) 6300, 5300,6600 P2060 .. .

63003 EX'(KG)=0.300 P2070 ...
EYS(KG)=0.000 P2080 ...
OXXG=O. 000 P2090 ...
OX YG=0.000 P2100 ...
Dy XG=0.*000 P21 10 ...
OYYG=0.JDO P2120..
GOT) 6900 P2130 ...

6600 EX5(KG) :ESRCG*VXG(KG) P2140 ...
EVY(KG)=ESqCG*VYG(KG) P 2150 ...

P21 60 .. .

.......... ISHPIN:PL DISPERITE ALMAXALMIN, AND ATAVGP28..

VA4G'=1.57379632700 P2190 ...
IF(VXG(KG) *VXG(,kG) .T.0.D3) VAP4GG=DATAN4(VYG(KG)/VX'3(KG) ) P2200 ...
VKANGG=VANSG-PANGLE(L) P2210..
O3=OC0S(V<ANGG) P2220...
OiDSIN(V(ANGG) P2230..

C .. EFFE-:rIVE LON3;ITUDINA. DISPERSIVIrY IN FLOW OIRECTI0N, ALEFF P2240..
ALEF-=0.00) P2250..
IF (ALMAX(L) +AL4IIN(L) ) 6300,.o800v6700 P2260..

o?3'J ALI-FF=ALMAK(L)*ALMIN4(L)/(ALMIN(L) *DCO*OCO*ALMAX (L)*DSI*OSI) P2270...
*o3jO OLS:ALEFF*V MAG(KG) P2280 ...

0TS=ATAVG( L) *vG4AG(KG) P2290 ...
C P2300..

V211:1I.)0((VGMAG(K-)*VGMAG(KG)) P2310...

V21LTG=V2OM-jI*(-G-OTG) P 23 2 0 .
VX.24=vx;j(KY)*VX3(KG) P2330 .. .
VYI2.G VYG (K )*VYJ ., K P2340 ..

. . .IP R IN T-i R P2350 ...
0 A X :V 20 MI.(3L'*VX2-+DT*vYZG) P2360...
JYYj:v2&04 * (DTG*VX2C,+0L;*VY2G) P2370 .. .
OXJ- ,,i2LTSVXG(KG) *VYG (KG) P2380 .. .
3Y E,,Z0XYG P2390 ...

P2400 .. .



SUBROUTINE E E M E N SUTRA -VERSION 1284-20 P10...

VMAG;(L)=OSQRT(AXSUM*AXSUM+AYSUM*AYSUM)/4.000 01210 ...
IF(AXSUM) 250JP2700t28O0 P1220 ...

2500 AYX=AYSUM/AXSUM P1230...
*VANS(L)=DATAN(AYX)/1 .7453290-2 P1 240.. .

IF(AVSUM.LT.J,.0D)) G3TO 2600 P 12 5 0 ...
*VANS(L)=VANS(L) +180.)00 P12 60 ...
*GOT) 3000 P1270 ...
2600 VANG(L)=VANS(L)-1 80.JD0 P1280 ...

GOT) 3000 P1 290 .. .
2700 VANS(L)=93.000 P1 300 .. .

IF (AYSUM.LT.0.ODJ) VANG(L)=-90. 300 P1310 ...
GOT) 3003 P1 320..

2330 AYX=AYSUM/AXSUM P1 330 .. .
VAN;(LhODATAN(AYX)/1.745329D-2 91340 ...

c P1350 ...
C ......INCLJOE MESH THICKNESS IN NUM4ERICAL INTEGRATION P1360 ...
3300 0O 3300 KG=1,4 P 13 70 .. .
3330 DET(KG)=TrlICKG(KG) *DET(KG) P1380 ...

Pl 1390 .. .
.......CALCJLATE PARAMETERS FOR FLUID MASS BALANCE AT GAuSS POINTS P1400...

IF(ML-1) 3400,34)0,6100 P 14 10. .
3400 SWTEST=0.DO P1420 ... 0

30 4000 KG=1,4 P 14 30 .. .
*SjWTEST=SWTEST1-SWG(K. ) P 14 40 ...

RO4G=RHOG(KG)*RELKG(KG)/VISCG(KG) P 14 50 ...
RXXG(KG)=PERMiXX(L)*R0MG P14(60...
RXYG(KG)=P=RM4XY(L)*R0MG P1470 ...
R'XG(KG)=PERMYX(L)*R0MG Pl4eO ...
RYYG(KG)=PERMYY(L)*ROMG P1490 .. .

4030 CONTINUE P1500 ...
C P 1510 .. .

* ......INTEGRATE MLI ASS 3ALANCE IN AN UNSATURATED ELEMENT P50.

* C USING ASYM4METRIC WEIGHTIN5 FUNCTIONS P1530 ...
IF(JP.LE.1.00-6) GOT) 5230 P 15 40 ...
IF ( S.TEST-3. 99900) 420O,5200~ 5200 P 15 50 .. .

4230 00 5000 1=1,4 P 15o 0 .. .
DF=J.D0 P 15 70 .. .

*vo=0.00 P 15 80 .. .
DO 04400 KG~l 4 P 15 90 .. .
V:0=VO+F( I,KS)*OET((G) P 16 00 .. .

4 440 Jl--F+ ( (IRvXX(K)*R~xG(KG)+RXYG(KG)*RGYG(KG0)) P 1610 .. .
1 *DoiDXG(I,KG) P 16 20 .. .
2 + (RYXG(KG)*R3 XG(KG)+RYYG(KG)*RGYG(KG)) P1 630 ..
3 L.vi DY G( I K G) E T (KG) P 16 40 ...

30 4800 = 1 ,4 P 16 50 ...
i 0. D P1 6oc0.. .
Z)3 460J Kj~1,4 cl167 o...

2 +(RYX;(K;J)*D:0XG(J,K,;)+RYY0-(KG)*GFOYG(J,KG))*DwDYG(I,KG)))1 690 ...
5*2 T (KG) P1700 ...

3 1 D bL04E~l~)=6r D1 710 .. .
VJLE ( I=V U P 17 2 0. ..

5 301 OF LJ WE I ) =F P 17 3 0 ...
-0O6202 P 74.0 ...

......,T;EJRTE rLJi-- M4SS 3ALA\,jE IN A SATRAATED OR uNSATJRATE[D P17cQ0.. .
t -Ao--T i~l- SYklMA;TRT EjGmTl.'.I- FU24TIC'S P 17 7 2.. .

vi=: c", 0. ..



C SUBROUTINE E L E M E N SUTRA- VERSIOCN 12?4-2 P10..

CALL ASIS2(CCOtL.-XLCCYLCCINXYF(l,1L)t,(1,IL),ET(IL), P 610 . . . .9
1 CFDX0(t!L),DF0YG(lIL),GW'OXG(1,IL)0,,DY'G(lL), p 2
2 PITERUITERPVELPORTHICKTHICKG(IL),VXC.(IL),VYCG(IL), P630 ...

*3 S6G IL),RHCG(IL)fVISCG(IL)POORG(IL),VZMAG(IL)eRELK-(IL),f P640 ....
4 PERMXXPERMXY,-PERMYX.-PERMYYCJ1 1 CJ1 2,CJ21,CJ22, P650...
5 GXS,.GETA,RPCITRCITMl,RGXG(IL),PRGYG(IL)) P660..:.

GxSI(L,-IL)=Clj1 *GRAVx+CJ12*GRAVY P570 ...
E-TA(L,-IL)=CJ21*GRAVX+CJ22*GRAVY P 80 ....

C C .. CHECK FOR NEGATIVE- OR ZERO-AREA ERRORS IN ELE-MENT SHAPES 9
IF(DET(IL) ) 2C0,20CP5003 P700. ...

200 ISTOP=ISTOP+l P 710..
'.RITE(6.,400) IN( (L-l)*4*IL),-L,DET (IL) P 72 0...

400 FORMAT(11XP*THE DETERMINANT OF THE JACOBIAN AT GAUSS POINT ',14,P730....
1 . IN ELEMENT '.14,' IS NEGATIVE OR ZERO. ',1PE15.7) P740.... --

500 CONTINUE P7 50...
1030 CONTINUE P 7 6 ....

C P770. ...
IF(ISTCP.EC.O) GOTO 2000 P78C ....
WRITE (6,1 500) P790....

1500O FORMAT(/I/I//11X,*SOME ELEMENTS HAVE INCORRECT GEOMETRY.' Paco0....
1 //11XFLEASE CHECK THE NODE COCROINATES AND '- P210 ....
2 'INCIDENCE LIST, MAKE CORRECTIONS.- AND THEN RERUN.'//////// P52C....
3 11X'S1 MU LA T IO0N hALTED*I P 3 3 ....
4 11ix 0- -- -- -- -- -- -- -- -- -- --- -- --------- - Pa4). . ..
ENDFILE(6) P250 ...
STOP PESO0. ...

C P!70 ....
C..LOOP THROUGH ALL ELEMENTS TO CARRY OUT SPATIAL INTEGRATION P2!0 ....

*C OF FLUX TERMS IN P AND/CR U EQUATIONS P__90. ...
2000 IF(IUNSAT.NE.O) IUNSAT=2 P;OC... -

C----------------------------------------------------------- ...

C----------------------------------------------------------------P930. ..
00 '??99 L=1.NE P040..
X I X I .00 P 95 0 .. ..
Y IY=-I .0D0 P960....
KG=O P97G...

C ..... OBTAIN BASIS FUNCTION AND RELATED INFCRMATION AT EACH OF P?80...-
C FOUR GAUSS POINTS IN THE ELEMENT P993...

L O 2200 IYL=1,2 P Coc..
00 2100 IXL=1.,2 P 10 1C. ..

* ~~KG=KG+1 12C.
XLOC=XIX*3LOC P1C3C.,
YLOC=YIY*GLOC P1040..

CALL BASIS2(0001,LXLOC.YLOC,-INXYF(l.KG),W(1,KG),DET(KG), P105C..
*1 CFOXG(1,KGi),DFOYG(1,KG),CWDXG(1,KG),GWDYG(IKG), P106c...
*2 PITER.,UITER,PVEL,PGR,TMICK,THICKG(KG),VXG(KG),VYG(KG), P1070..,

3 SWG(KG)oRHOG(KG),VISCG(KG),PORG(KG),-VGMAG(KG),RELKG(KG), P.)!0. ..
4 PERMXX,PERMXY,PERMYX,-PERMYY,CJllCJ12,CJ21,CJ22, P10,90 ...
5 GXSI,GE=TA,RCIT,RCITM1,RZGXG(KG),RGYG(KG)) Pi1loc...

2JCO XIX=-XIX PiliC..
220C y I Y Y IY Pi12 0.

C P1130..
C..CALCULATE VELOCITY AT ELEMENT CENTPOID WHEN REQUIRED P114G...

*IFCKVPRNT-2) 3COOi2300,300O P1 15 0..
2300 AXSUM=0.000 P1160..

AYSUmO.ODO P 17 0..
DO 2400 KG=1,4 P 11 !0 ..
AXSU?&=AXSUM+VXrG(K5) P 119 C .

2400 AYSUM=AYSUM4VYG(KG) P 120C0. ..

* ~~356



SiBROUTINE E L E M E N SUTRA -VERSION 1284-20 P13 ..

C SU.BROUTINE E E M E N SUJTRA -VERSION 1284-20 P13 ..
CP20 ..

C **PURPOSEP3...

C ::TO CONTROL AND CARRY OUT ALL CALCULATIONS FOR EACH ELEMENT BY P43 ..

C '**CARRYING OUT 5AUSSIAN INTEGRATION Ot' FINITE ELEMENT INTEGRALSP P60.
* C * AND SENDING RESULTS OF ELEMENT INTESRATIONS To GLOBAL ASSEMBLY P70.

r * ROUTINE. ALSO CALCULATES VELOCITY AT EACH ELEMENT CENTROID FOR P80 ..
C**PRINTED OUTPUT. P90 ....

* C P100 .. ..
SUBROUTINE ELEMEN(ML,IN,X.Y,THICK,PITER,UITER,RCITRCITM1,POR, Pilo0....

*1 ALMAXoALMIN,ATAVG,PERMXX,PERMXYPERMYXPERMYYPAN3LE, P120 ....
*2 VMAGVANGV0LPMATPV~E,UMAT,UVECGXSIGETA,PVEL) P130 .... .

IMPLICIT DOJSLE PRECISION (A-H,O-Z) P140....
COMMON/DIMS/ NNNE,NINNBINBNBHALF,NPINCM,NPBC,NU8C, P150 ....

1 NSOPNSOUfNBCN P160 ....
*COMMON/TENSOR/ GRAVX,S.RAVY P170 ....

COMMON/PARAMS/ COMPFL,COMPMA,DRWDJCWCSRHOS,DECAY,-SIGMAWSIGMAS,P1 30 ....
1 RI0W0,URHOWO.d0VISCO,PRODF1PRODS1,PRODFOPRODSO,CHI1 ,CHI2 P190 ....
COMMON/TIME/ OELT,TSE;,TMIN.T4OUR,T0AYTWEEKTMONTHTYEAR, P200 ....

1 TMAXODELTP,)ELTU,DLTPM1,DLTUM1 oIT,ITMAX P210 ....
oCOMMON/CONTRL/ GNJUPDTMULT,DTMAX,ME,ISSFLO,ISSTRA,ITCYC, P220 ....

1 NPCYC,NUCYC,NPRINTIREADISTORENOUMATIUNSAT P230 ....
COMMON/KPRINT/ KN3DALKELMNT,L(INCIDKPLOTP,-KPLOTUKVEL,KBUDG P240 ....
DIMENSION IN(NIN),X(N'i),Y(NN),THICK(NN),-PITER(NN), P250 ....

1 UITER(NN).,RCIT(NN),-RCITM1(N4N),POR(NN),-PVEL(NN) P260 ....
*DIMENSION PERMXX(NE),PERMXY(NE) ,PERMYX(NE),PERMYY(NE),PANGLE(NE), P270 ....

1 ALMAXCNE),ALMIN(NE),ATAVG(NE),VMAGU(NE),VANG(NE), P280 ....
2 GXSI(NE,4)PGETA(NE,4) P290 .. ..

*DIMENSION VOL(NN),PMAT(NN,NBI),PVEC(NN),UMAT(NN,NBr) ,UVEC(NN) P300 ....
DIMENSION BFLOWE(4,4),DFLOWE(4),BTRANE(4,4) ,DTRANE(4,4),VOLE (4) P31 0....
DIMENSION F(4,4),4(4,4),,DET(4) ,iFDXG(4,4),-DFDYG(4,4), P320 ....

*1 OdDXG(4,4),DWdDYG(4p4) P330. .. .
DIMENSION SWG(4),RHOS(4),VISC. (4),-PORZ;(4),VXG(4),VYG(4), P340 ....

1 RELKG(4),RGXG(4),RYG(4),VZ;MAG(4),THICKG(4) P350. ...
*DIMENSION RXXG(4),RXY,(4) ,RVXG(4)pRYYG(4) P360. ...

DIMENSION BXXG(4) ,BXY.,(4),BYXS (4) ,ByYG(4)o P370. ...
*1 EXG(4)PEY,(4) P380 ....
*DIMENSION GXLOC(4),GYLOC(4) P390. .. .

DATA GLOC/0.57735026918962600/ P400 ....
DATA INTIM/O/,ISTOP/D/,GXLOC/-1.DO,1.DO,1.DO,-1.DO/, P410 ....

1 GYLOC/-1.D3,-l.D0,1.DO,1.DO/ P420 ....
C P4.30. .. .

C...DCIDE WHETHIER TO CLLTECENTROID VELOCITIES ON T-1IS CALL

I V P RNT 0 P450. .. .
IF(M)DJ(IT.NPRINT).EQ.J.ANO.ML.NE.2.AND.IT.NE.3) IVPRNT=1 04603.. ..
IF(IT.E.'.1) IVPR4TlT~ P470 ... .

*KVPRN4T=IVPCZNT$+.VEL P 48 0 ..
C P490. . ..
.. N FIRST TIME STEP,- PREPARE SRAVITY VECTOR CDMPONENTS, P50 . . ..

-x KS1 At43 SETA, FOR CONSt STENT VELOC ITIE Sp 0510. .. .
ANJ CHECK ELEMENT SHAPES P5 2 ...

*IF(INTIM) 1003,100v2033 P 5330. ...
1 IN ITI M =1 P 54 3. ...

U....... LOOP THROJucH ALL ELEMENTS TO OBTAIN THE IVERiE JACDBIAN P550....
AT EACH OP T-4E r-OJR NOD0ES IN EACH ELEAENT56

DJ 1JJO L=1,,,4 P 5 730. .. .
J0 5jD IL=1,'. P 5 3. ...

.L 3 =0Y OL : . . . .

-2-



Sj3R)JTINZ s 1 S J SjTr A V z S ION 12 3.-23o 01...

0 GOTO 2003 oei1....
c 0020...

...LANG,1uIR S50-ITION MODEL 0630.
)50 IF(ADSMOD.NE.LAN-JMUIR ) C0T0 2000 0640....

Di 1300 I=1,NN 0o50...
0D=1.30*0 H1I2* R H0W)d * U(I) 0 66 0...
CS1(1)=(Cml*R-I0,W3)/(D0*D) 0o70...
CS2(1)=0.03 0030 ... .
,-S3( I)=0.30 0690 . ...

SR(I)=CS1(1)*.1I2*RH10uD*U(I)*J(I) 0710 ....
13301 ON T I NUE 0720. .. .

0730 .. ..
233') RETURN 0740 ....

END 0750....

3 ')!



13 R) D0 J A L S -A ~ O 12 3 2D Tio1

I F(ML- 230, 1 3 C0,2 30 T o10 . . . .4

SOALCLATECEILV4ISE- TERMS FOR J-EQUAT0ONT30

230 ES(.D PJi)*ASTo40 ....
ATRN=(l-I Sr A)*cPOR(1) *SWPHDN*CW EP%')CS1 (I))*VOL(I)/DELTU T650 ....
;rR%=POR(;)*3oRm0q*PRJ0F1*VOL(I) T660...
SV=EPRS*PQ0JS1*VJL(I) To70 .... -

SLTRNGSV*jbL ( 1 ) T680. ... *

3SRT:ZNGSV*SR(I) T690..
E:TR .('0OR(I)*SWHN*PR0FJ+EPRS*PRO)SJ)*VGL(I) T 700..

.........ALOJ-.ATE SJ)JRCES OF SOLUTE OR ENERGY CONTAINED IN T710 ....
C SJR- S OF FLJI0 (ZERO CONTRI3UTIJN FOR OJTFLOWING FLUID) T720...

jR = 0. a0 T7 3 0.
)JL=3. 000 T740...
IF( )1N4(f) 360,36J0,34J T750 ....

3*0 .uLz-Cw*QIN(I) T760...

......... ADD -ELLWISE TER1S, SOURCES 0'- SOLUTE OR ENERGY IN FUDILOS T780..
CANDU PURE SD'JRC--S OR FLUXES OF SOLUTE OR ENERGY TO U-EQuATION T790 ....
3o,3 IF(,N)UMAT) 370P373,393 T800...
370 UMAT(I,N~mAL;) =UMAT(INBHALF) +- ATRN - GTRN - GSLTRN -QUL T810 ....

*363 JVEC(I) UVEC(I) + ATRN*JM1(I) + ETRN +- GSRTRN + QUR +- QuIN(I) T820 ....-
T830. ...

1309 CONT'INUE T840...
T850 ....

RETURN T860...
END T870...

66



£ SUBROUTINE B B SuTRA -VERSION 1284.-2D U1l..

4 C SUBR3UTINE B B SUTRA -VERSION 1284-2c u13 ..
U23. ..

C .*PJRPOSE U30 ..
TO IMPLEMENT SPE:IFIED PRESSJRE AND) SPECIFIED TE'IPERATuRE OR U40 ..

C* OON:ENTRATION C014DITIONS BY 40OOIFYING THE GLOBAL FLOw AN3 U53 ..
C ** TRA4SPORT MATRIX EQUATIONS. U60 ..
C u 7 3. .

Sj3R UT IN-E a:a (MLPMAT,-PVEC ,,JATUVECIPBCPBC, IU8C,]BCQPLITR) U60 ...
IMPLICIT DOU3LE PRECISION (A-PlPO-L) U990..

1OMN/IE DE~TErMNTIUDAWEMNHTE u130 ....

1 TA4X,DELTP,)ELrU,3LTPM1 ,DLTUM1, IT, ITMAX u 130 ... .
COMM3N/PARAMS/ CO4PFL,COMPMA,DjRwDj,,CSRS,DECAY,SIGMAWSI-MAS,U140 ...
1 RIOWO,JQHOWOVISCOPROJF1,PRODSlPRODFCPRODS,ClI1,CHI2 u150...
CUMMON/CONTRL/ GNJ,UPDOTMULT,OTMAX,ME,ISSFLO,ISSTRA,-ITCYC, u160 ...

1 N'OCY'CNUCY ,NPRINT, IREAD,ISTORE.,NOUMAT,IUNSAT Ul 73*.
DIMENSION PMAT(NNNBI),PVEC(NN),UMAT(NN,NBI),UVEC (NN), ,10..

1 IPBC(NBCN),OBC(Na:i),IJBC(NBCN),UBC(NBCN) , PLITR(NBCN) U190...

C U 210 ... .

IF(NP8C.E..) GOT) 1050 u220...
...SPECIFIED P 3OUNOARY c-ONDITIONS U233. .....

DO 13J0 IP=1,NPBC u240 ....

c I=IABS( IPBC(IP) ) u250 ..

IF(ML-1) 100P100,200 u27. ...
C ......MODIF-Y EQUATION FOR P BY ADDING FLUID SOJRCE AT SPECIFIED U280 ....

* C PRESSURE NODE u290...
130 GINL=-GNU u300 ....

GINR=GNU*PBC(IP) u 3 10.. ..
PMAT(I,NBHALF)=PMAT(I,NBHALF)-GINL u320...
PVEC(I)=PVEC(I)+GINR u330 ....

C u340 ....
IF(ML-1) 200,1009.200 u350. ...

C ......MODIFY EQUATION FOR U BY ADDIN1G U SOURCE WHEN FLUID FLOWS IN U360 ....

C AT SPECIFIED PRESSJRE NODE u370. . .. :
233 GUR=0.ODO u390. .. .

GUL=3.3D0 U390. ...
IF(QPLITR(IP)) 36J,363,343 U400...

340 3jL=-,W*QPLITR( IP) U 410. ...

3o0 IF(N~oMAT) 370,37D,39J U4.30 . ...

370 JMAT (I ,4B-IALC) =MAT (Is NBHALF) -GUL U4 4G .. ..
* 3b0 JVEC(I)=IUvEC(!)*7,jR U 45 0. ...

1030J C)NTINUE 3460. ...

C u,, 70. . ..

I0 IF ( M L 1100,500J,1130 U4 9 3 .
C .. .. ..SPECIFIED J 3,J.D.ARY :ONJTI' S u 503 ....

CMODIFY J ~ATO AT SPE'';-, :D NODE TO READ: U UBC u35 1 .... . . . .A

*F'J3.j 1) 130J 3J 71 503 52 0. . .

31 2000 Iu1I,NJbc u530. .. .

Iup:l~~o u U5 .0. . . .

IF(N~jm ,T) 1 2 J 12C,,203C:' U5 t . ..
2?;0 ),) 1 530 jo=l v3 U 5 7 ...

1 5j3 JMAT(:,jB)=L.jD, UJ532. .. .
A *~T(, - 3 r'I. 37 u 5 4 j

eJ j %I=uo( I) utDP

wl

. . . . .
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C SUBROUTINE P I N C H 8 SUTRA - VERSION 1284-20 V10 .....

C SJBROUTINE P I N C H 8 SUTRA - VERSION 1284-20 V1D .....

C V20 .0....

C t** PURPOSE V30 .....
' *** TO IMPLEMENT PINH NODE CONDITIONS BY MODIFYING THE V40 .....

C *** GLOBAL FLOW AND TRANSPORT MATRIX EQUATIONS. V50 .....

C V60 .....

SUBROUTINE PINCHB(MLIPINCH,PNATPVECUMATUVEC) v70 .....

IMPLICIT DOUBLE PRECISION (A-O-Z) V80 .....

COMMON/DIMS/ NN, NE ,NI NiNB I NBNBHALF, NPINCH, NPBC NUBCf V90 ..
1 NSOPNSOUNBCN V100....

COMMON/CONTRL/ GNJUP,DTMJLTJTMAXMEtISSFLOISSTRAITCYC, Vi1 ....

1 NPCYCNUCYC,NORINTIREADISTORE,NOUMAT,IUNSAT V120 ..... .

DIMENSION IPINCH(NPIN:H,3),PMAT(NN,NBI),PVEC(NN), V130 ....

1 UMAT(NNNBI),JVEC(NN) V140 ....

C V150 ....
C ..... NPIN IS ACTUAL NUMBER OF PINCH NODES IN MESH V160 ....

NPIN=NPINCH-1 V170 ....

DO 1300 IPIN=I,NPIN V180....

C ..... SET NUMBERS OF PINCH NODE AND NEIGHBOR NODES V190 ....
I=IPINCH(IPINI) v200 . . ..

ICORI=IPINCH(IPIN,2) V210....

ICOR2=IPINCH(IPIN,3) V220 ....

JC1=ICOR1-I+NBHALF v230...

JC2=ICOR2-1+NBHALF V240....

C V250...

IF(ML-l) 50,50,253 v260 .

C ..... ADJUST P EQUATION FOR PINCH NODE CONDITIONS V270....

50 00 100 jB=I,Na V280 ....

100 PMAT(I,JB)=O.DDO V290. ...

PVEC(I)=0.O0O v330.. ..-
PMAT(I,NBHALF)= .J000 V310. ..

PMAT(I,JC1)=-0.50DO V320 ....

PMAT(I,JC2)=-0.5000 V330 .-. j"
IF(ML-1) 250,1000,250 V340...

C ..... ADJUST U EQUATION FOR PIN:H NODE CONDITIONS V350....

250 IF(NOUMAT) 3 0,333,50J V360. . "

300 DO 400 JB=I,N v370.. ..

4J0 UMAT(I,JB)=0.000 v38O0.. . ..
JMAT(I,NBHAL9)=l.J0D0 v390.. ..

JMAT(IJCi)=-0.50D0 V400 .... ..

UMAT(I,JC2)=-J.5000 V41 0.. ..

500 UVEC(I)=0.OD3 Vi2C. . .. .

C V4 3 . ...

1)O CONTINUE V40. .

C V'6.53
ET45 v .7 . ... :

C V460. ...
R ETJiR N v 4 . ...

ENO V . ..

371
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SSJBROuTINE S 3 L V E 5 SuTkA -VERSION 1284-20 w10 ..

I,-PJRP SE w30 . ...
C TO SOLVE THIE MATRIX EQUATION 3Y: W40.

S (1) DEC3MP)3I4, THE MATRIX w0
C ~ (1MO)I=YIN3 TIE RIGHT-HNA)J SI3E W60 ....

C ** (3) BACK-SJ8STIrTT'N FOR T-iE SOLUTION w7D ....
cW80 . ..

SUBROUTINE SOLVE 3(KK~fCj-R,NNPP IHALFBf MAX4PMAXBW) W90.
IMPLICIT DOO3LE PRECISION (A-.-iL) W1 00...
DIME'JSION C(MAXNPPMAX3W) ,R(MAXNP) w 1 10 .
Iri3PIHALFB+l w 120o...

wl1 30...
c...... OEC04POSE MATRIX -- Y BANDED 7AUSSIAN ELIMINATION FOR W140 

NON-SYMMETRIC 4ATRIX Kw150 ....
IF( K'( K- 1) 5 r5 .5 0 w160. ...o

5 NU=N'4P-IHALF3 
W1 70 ....*

00 20 NI~1PNu w 18 0..
PIVOTI=1.DO/:(NIPIHBP) U 190 ....
NJ=NI*1 w200....

NK=N I*IHALFB 
w220. *00 10 NL=NJPNK w230.:::

Ir3=13-1 W240.
A=-C(NLPIB)*DIVOTI w250...
Z(NLoIB)=A W260...
JB1 3+1 W270....
KB~I3.IHALFB W2800
LB=IIBP-Id W290.
D00 MB=JBPKB w3 00 .
NB=L 3+MB W31 0...

10 C(NLPM5)=C(NLPMqB) tA*C(NIPNB) W320..
t?0 :GNT1~4UE W330:.o*

NR=NJ41 W340.
NLJ=NNP-1 W350 0.
NK=N'4P w360. .. .
00 4) NINR,'JU W370. ' o

NJ=NI*1 
W390. * '

DO 30 NL=NJNK w410...

4=-C(NLPIB)*PIVOTI W430..
C(NLPIB)=A 

W440. o*.J81l 3+1 W450.
KB=13*IHALFO W460 . ...

DO0 3) MB=JSPK8 W480. ...
N6=La*MB W490. .. .

30 C (NLpMB)=C(NLfM8) *A*C (NI ,NB) W500 ....
40 ONT INUE W5 10...

4RETJRN W530.
.. JPOATE RrGHT-11AND SIDE VE.^TOR, R W550.::

50 N i =N4 P + IW560 . ...
I*ANJ=2*1HALPB+1 w570 . ...
300?) NI=2,li8P w58 ... .

lo~P4PNI*1W590.
Nj1W600 .. ..

372



C SuBROUTINE S 3 L V E B SuTRA - VERSION 1284-2D W10 .....

Sum=3.00 W610 ....
DO 63 JB=IBIHALcB wo20 .... .,-
SJM=SUM+C(NI,JB)*R(NJ) Wo33 ....

00 NJ=NJ*1 W640 ....
70 R(NI)=R(NI)+SuM W650 ....

IBl1 W660 .... -2
NL=I-taP I w670 .. . . -

00 90 NI=NLNNP W680 .... .
NJ=NI-IHBP l WbQO ....
SUM:3.D0 w7 0 .... "
D 83 JB:I3,IHALF3 w71 C...
SJM:SJM C(NIJB)*R(NJ) w720 ....

80 NJ=NJ+l w730 ....
90 R(NI)=R(NI) SUM W740 ....

C W750 ....
C ..... .BACK SOLVE w760 ....

4(NNP)=R(NNP)IC(NVP,IIBP) w770 ....

Di 110 IB=2,IHBP w780 ....
NI=NJ-IB w790 ....
NJ=NI W800 ....
MB:IIALFB IB WS10 ....
SUM=0.DO w820 ....
DO 130 JB=NLMB W830 ....
NJ=NJ+I w840 ....

130 SJM:SUM+C(NIJB)*R(NJ) w850 ....
110 R(NI)=(R(NI)-SUM)/C(NIIHaP) W860 ....

MB=I3AND W870 .... "

00 130 IB=NLNNP W880 ....
NI=NJ-IB W890 ....
NJ=NI W900 ....
SUM=].D0 W910 ....

0U 120 JB=NLM3 W920 . ...
NJ:NJ+1 w930 ....

120 SJM=SUM C(NI,J3)*R(NJ) w940 ....
130 R(NI)=(R(NI)-SUM)/C(NIIHBP) W950 .... S

C W960 ....w970 ....

RETURN W980 ... ..
END W990 ... ..

7-7

37|V 7 3 - -- "

S' . .



T1%rD I j . .

C SJ8ROUrINE 3 1 0 G E T SUTRA -VERSION 1284-20 Xl).

x3 . .

***TO 'ALCJLATE AND OUTPUT ::LJID MA S ANi0 SOLuTE MASS OR X4 ..
C N* E qY 3U0E T S . X 5 0.

Su3R)jTINE aiJ33E:T(MLL3CT,VL,Si,DSw)P,RH4)pS)P,QINPVcCPM1 , x7 ..
1 P3C,Q'PLITRIP3:,I SOP,PORUVECUM1 ,UM2,UINQUIN,l SOU,USC, X80 ..
2 CSi ,CS2pCS3,SLoSR) X90 ....
IMPLICIT JOu3LE PRECISION (A-1i,0-Z) x 100. ...
:HARA;TER*10 AOSMDO x1 10 .. ..
J)MMON/MODSOq/ ADSMi09 x1 20....
,)CMM3,'4/DIMS/ NNNENI.NL,NBI,N4B,Na3HALF,NPINJCHNPBC,NU3C, x 1 30 .. ..

1 NS3P,NS3U,N3CN xi 40. .. .
'JMN/IE JELTTSE%,TMINT-OURTDAY,TvEEK,TMONTHi,TYEAR, X1 50 ....

1 TMAX,OE--LTP,DELTUDL.TPM1,JLTUM1 ,IT, ITMAX x1 60 ....
COMMD)'/PARAMS/ C04PFL,COMP'4ADRWDJ,CW4,CSRH0S, DECAY.,SIGMAW 1 SIGMASXJ 70 ....

1 RIOWO,URH)WVSCOPOFROlPOSlRODFOPRDSO,CH1,C12 Xl 80 ....
C3MM)N/CONTRL/ GNJUPOTMJLT,DTMAXMEISSFLO,ISSTRAITCYC, X190...e.

1 NOCYCNUCYC,NPRINT, IREAD,ISTOREiNOUMAT.IUNSAT X200...
CHARACTER*1 3 UNAME (2) X21 0...
DIMEN4SION QI'(NN),UIN(NN).IQS)P(NSOP) ,QUXN(NN),IQSOU(NSOU) X220...
DIMENdSION IPBC(NB:N),JBC(NBCN) ,QPLITR (NBCN),PaCCNaCN) x230...
DIMENISION POR(NN),VOL(NN)PPVE;(NN),UVEC(NN) ,SW(NN),DSWDP(NN), x240 ....

1 R-4(NN),SJP(NN)PP1 (NN),UM1(NN),UM2(NN), x250 ....
2 CS1 (NN),CS2(NN),CS3(NN),SL(NN),SRCNN) X260 ....
DATA JNAME(1)/rC0'NCNTRATIN/,UNAME(2)P' TEMPERATURE 1x270. ...

C X2 30. .
C X290...

- -4N=2 X30...
IF(IUNSAT.NE.3) IJNSAT1l x 310 ..
IF(ME.EQ.-l) MN1l X320. .. .

*WRITE(6,1O) X 33 0. .. .
10 FORMAT(1H1) x340. .. .

c C......SET JNSATURATED FLOW PARAMETERS, SW(I) AND OSWDP(I) X350 ....
IF(IJNSAT-1) 40,23,40 X360. .. .

20 30 33 I=1,NN x370. .. .
IF(PVEC(I))'25,27,27 X380 ....

*25 CALL UNSAT(SW4(I),SW0P(I),REL(,PVEC(I)) X390...
;0TO 30 X400. .. .

27 Sw()=1.00O X410 ....
)SWDP(I) =0.0)3 X420.~

30 CONTINUE X430.::

C CALCJLATE CO14P3NE'dTS )F FLUID M4A5S 8UDGET x 4 5 0 .
'.) IF(M.-l) 50,50,10)0 X460...

* 0 CJNTINUE X470o...
STPT)T=0.00 X480 ...

STTJ=000x490 ....

INT) 1* .00 x500 . . ..

30 1)) I11NN X510 0....
STPTJT= ITPTOT*(l-ISSF.0/2)*RH)(X)*VOL(I)* x520 ....

*1 (sw(i)*sop(r)*POR(I)*DSW0P(I))*(PVEC(I)-Pm1 (I)/OELTP X530..
*.STUT)T=STUT0T4(l-ISSFLO/2)*P3R(I) *SW(I)*3RW0J*VOL(I)* X540:.*..*

1 (JM1 (I)-uM2( I))/COLTUMI X550.
* INTOT= INTOT.2IN( I) X560...

1 3 CJPTINUE X570. .. .
c X580 ....

QPLT3T=0.00 X590. .. .
*.00 233 1 P 1 N P3C X600. .. .

* 374



C SUBROJTINE B J 0 G E T SUTRA -V RSION 1284-2D X10O....

I1IA3S(IPBC(r')) X610 .. ..
QPLITR(IP)=GNj*(03C(IP)-PvEC(1) ) X620. ...

*QPLTOT= PLTOT+ PLITR ( P) x630...
200 CONTINUE c43 ... .

C x o5 0. ...
C ......OUTPUT FLuID MASS BuO?,ET X660...

WRITE(6f3JO) ITSTPT)TSTUTOTUNAME(MN),QINTOTQPLTOT xo70 ....
300 FORMAT(//11XpF L U 1 0 M A S S B U D G E T AFTER TIME*, X630 .. ..

*1 *STEP 'oI5f, IN (MASS/SEC ON:))///11X,1PD15.7,5X, X690 ... .
2 'RATE OF Cf1ANrjE IN TOTAL STORED FLUID ZDUE TO PRESSURE CHANGE#o X700 ....
3 ,INCREASE(*)IOECREASE(-),P/11XPP15.7,5X, X 7 10o..

R ATE OF T-HANSE IN TOTAL STORED FLUID DUE TO ',Al3,* CHANGE'. x720. .. .
3 ,INCREASE(*)/OECREASE(-)*p x 7 30....
3 i/lxP015.7o5XpTDTAL OF FLUID SOURCES AND SINKS, *r X74 ....
4 '4ET INFLOWd(+)/NET OUTFLOW(-)'/llx1PD15.7p5xp x750 ....

5 'TOTAL OF FLUID FLOWS AT POINTS OF SPECIFIED PRESSURE, ,r X760 ....
6 'NET INFLOW(+)/NET OUTFLOW(-)') x770 ....

x78 . . ..
IF(I3CT.EQ.4) GOT) 63) x790..
NSOPI=NSOP-1 X600...

DO 5)3 IQP~lPNSOPI x82 .... I..
IF(I) 325f5OOf5OJ x840...7

325 INEG:T=INEGCT~1 X850 ....
IF(I'JEGCT.EQ.1 ) WRITE(6o35O) x860 . . ..

350 FORMAT(///22XPTlE-OEPENDENT FLUID SOURCES OR SINKSY//22xp x870. .. .
1 . NODE',5X,INFLW(+)/OUTFLOWd(-)I/3?X,' (MASSISECOND)'/I) X880 .... -
WRITE (6f4 jO) -IfQIN(-I) X890 ... .

450 FQRMAT(22XI5,10Xp1PD15.7) X900...
530 CONTINUE X910 0...

C x920 ....
600 IF(NPBC.EQ.O) GOT) 800 x930 ....

WRITE(6r650) x943...
650 FORMAT(///22XtFLJID SOURCES OR SINKS DUE TO SPECIFIED PRESSUREYPX950 ....

-1 I/22x, NDDEf5XoINFLOW(+) /OUTFLOW(-) 137x* (MASS/SECOND) -/)X960 ....
DO 700 IP~lfNPBC x970 ....

1A 3S(I PBC (IP) ) X980 .... ~
WR~ITE(6p450) ItQPLITR(IP) X990 ....

700 CONTINUE X1000..
C xl~O 10 1
C C.. .. ..CALCJLATE COMPONEN4TS OF ENERGY OR SOLUTE MASS BUOGET X 10 20..

30 IF(ML-1) 100),450).-1030 Xl 030..
1030 CONTIN~UE X 10 4 0

FLDT)T=0.00 X 1050..
SLDT)T=O.J) X10 6 0.

DlST)T0.Z)3 x 10 80..
P3ST)T=O.ZiO X10390

),UT OT.D 33 1 110..
* 3UT)T=J.JO x 112 0.

......SET ADSURPTI)% PARAMETERS xuI1 1 30 -j
IF(MES(.-l *Aj).flJSMO)3.N4. NONE Xl1i 40 .. .

1 CALL ADS03(SCS1,CS2,:S3SLoSRUVEC) X 1 50 .. .
01 133) X~,N~ 1160 .. .
ESRvPR()*3wi(I) *Pm3( I)*L(I) xl1i 70 ...
E EP:ZS v 1 . Z)0- DJ (I )R 10S* V0L ( I x1i 80 .. .

- - DT)T3TLr*2tS-V*C -IDJUT X 1 x 200 .. .



E T T R, r;.T A V- :S I li 12 3'-23 D C

SLTTSU3+PS*~()D3 x 1 210 ...
P1 PT)T=P1FTOT+E SR'V*PRJDF1 X1220 ..

P13T)T=PlSTrT+EPRSV*PR03Sl*CSL( I) *UVEC(I)*SR(I)) x 1 230 .. .
PuFT3T=P0FTOr+FSRV*PROOF0 x1 240 ...
P3ST)T=P0STQT4EPRSV*PR00S) X1250 ...

U T3T 0T+r4u1 4( I) '(1 200 ...
IF( IN(1)) 1 200.1206,1 250 X1 270 ...

1230O ' IUTT=rjIJTGT+QIN(I)*:A*UvEC(I) xl 280 .. .
.'OTO 1330 X1 290 ...

1 ?5) )IUT)T=QrjTOT+ IN(1) -W*'JIN( I) X1 300 .. .
133)"01 CN'U E X 1 310 .. .

X1320 ...
PUTT=0 .00 X1330...

DJ3 1 500 IP~loN-'cC x 1340. .

1 (,JPLITR(71) ) 14JO.-140J,1453 X 1 350...
1403 I:I.A3S(IP)BCiIP) ) X 1360..

)PUTJT=QPuT0T+, PLITR(IP)*:WhUVEC(l) X1370.:.,
.,OTO 1500 )(1380 ...

1450 IPUT3T= PUTOT4. PLITR(IP)*CW*jSC(IP) xi 390..
1 500 CONTINUE Xl 400..

X 1410 ...

IF(ME) 1550o,1550,1615 X1420 ...
C ~X1430 ...

C......OUTPUT SOLUTE MASS BUOGET X1 440..
1550 WRIT=(6o1600) IT,;LDTOTSLDTOTP1FTOT,P1STOT,POFTOTPOSTOT, X1450.:,

I l IUTOT,QPJTOT, QUT)T X1460..
1630 FORMAT(II11x,'S 0 L U T E B U 0 G E T AFTER TIME STEP ',15pXl470..

1 - , IN (SOLUTE MASSISECONO)'II/11X,lPD15.7,5XP.'NET RATE OF ', X1480:.
2 'INREASE(+)/DECREASE(-) OF SOLUTE*/l1Xp1PD15.7,5X, X1490.:.
3 ''JET RATE OF I'CREASE(+)/DECREASE(-) OF ADSORBATE*/11X,1PD15.7pXl500..
4 5WNET FIRST-ORDER PRDUCTION(+)/DECAY(-) OF SOLJTE'/11X, X1510..-
5 1P015.7,5XNET FIRST-ORDER PRODU'CTION(+)/DECAY(-) OF, X1520.:.
6 'AOSORaATE'/11X,lPJ15.7,5X,'NET ZERO-ORDER PRODUCTION(+)/, X1530..
7 'O)ECAY(-) OF SOLUTE*/11X,1?D15.7,5X,.NET ZERO-ORDER '' 1540.. -

6 'DOUTJ4()OCY- OF ADSORBATE*/11Xp1PD15.7,5Xp X1550... S
9 'NET GAIN(*)/LJSS(-) OF SOLUTE THIROUGH FLUID SOURCES AND SINKS~x156O:.

* /llX,1lPO15.7,5'X,'NET GAIN(+)/LOSS(-) OF SOLUTE THIROUGH X1570...
1 'INFLOWS OR OUTFLOWS AT POINTS OF SPECIFIED PRESSURE' X1580...
2 /11X,lPDj5.7,5x,'NET GAIN(+)/LOSS(-) OF SOLUTE THROUGH ,X1590 ...
3 'SOLUTE SOURCES AND SINKS') X1600 ..
;OTO 1645 X1610. -

....-ETX1 620...
.OUTPUT ENERG Y BUDETX60

16~15 WRITE(6,1o35) IT,FL0T3TSLOTOT,POFTOT,P0STOT, IUTOT,.ZPUTOT,, QUTOT X1640 ...
1535'rFORMAT(//liA,'E N~ E R . YV B U 0 G E T AFTER TIME STEP ',15,X1650 ...

1I ' IN (EN 1ERGY/SE:OND)'///11X,1P015.7,5X,*NET RATE OF ' X1660 ...
2 'INCREASE(+)/DECREASE(-) OF ENERGY IN FLUIO*/llXt1PD15.7f5X, X1670:..
3 ''JET RATE 09 tNCREASE(+)/3ErREASE(-) OF ENERGY IN SOLID GRAINS'XI68O..
'. /11X,1P315.7,5K,'NET ZERO-ORDER PR30U:TION(+)/LOSS(-) OF X 1690 ...
5 'FNERGY lN 9LUIO'/l1xe1 0 15.;',5x,'NET ZERO-OROER ',X1700 ...
6 'FRO0UCTION(*)/LOSS(-) OF ENERUGY IN SOLID ,RAINS' X1710 ...
7 /lIX,1PD15.7,5x,'NT GAIN(4')/LOSS(-) OF ENERGY THROUGH FLUID ',xl720 ...
a 'S)URCES AND SINKS'/11),lPD15.7,5x,'NET GAIN(1)/LJSS(-) OF', X1730..

S'ENERGY T-ROUS-1 IN=LOWS OR OUTFLOWS AT POINTS OF SPECIFIED ,X1740...

* 'DRES SURE'/11x,lPO15.7,5A,'NET GAIN(+)/LOSS(-) OF ENERGY, X1750...*
1 'T-1QOUGpi ENER Y 3.JRCES A4J SINKS') X1 760 ...

xl 1770 .. .
I1o5 '4 P I2N SOP -1 x 17 80 .. .

IF(NSJPI.E).3) GOTO 2300 Xl1 790. ..
I F(M E 1649,1 b49, 1659 xl 130 0.. .
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C SJBRDJTINE B .~D G E T SUTRA -VERSION 1284-20 X10 ..

164~9 WRITE (6P1 650) x 1810 . . .
1550 FORMAT(///?22,SO .UTE SOURCES OR SINKS AT FLUID SOURCES A,1D , X1820 ...

1 'SINKS'//22XP* NOOE,8B~,SURCE(+)/SINK(-) '/32X, X1830 ..
2 '(SOLUTE 4ASS/SECDjD)'/) X1 343 ..
GOTO 1680 X1 350 ...

1 65, 1 RITE(6plo60) xl8b ...
16o0 PORMAT(///22XP'EN;ERGY SOURCES OR SINKS AT FLUID SOURCES AND , x1370 ...

I * SINKY II 22xp, NODE' ,8XP *SOURCE(+) /SINK (-) '/37 , x 1360 ...
2 * (ENER0JY/SECON)) 'I) xl 8a9 0.. .

1 680 DOJ 1900 IQI)=l,NSOPI X1 900 .. .

IF (.IN(I) ) 1 7J3, 1700,175O x1 920 ...
17J3 Q=. IN(I) *Cw*JVEC(I) x1930...

CJOTO 1800 Xl 19 4.. .
1 750 U=QIN(I)*CWj*JIN(I) x 1 950 .. .
1300 WRITE(6,450) I,Qj X1900...
1,?%0 CONTINUE x1 970 ...

x 1l 980 .. .
2000 IF(NP3C.EQ.O) GOT) 45)0 X1 990 ...

IF(ME) 2093, 209J,21 SD x2300 ...
2390 WRITE(6P2100) X2010O...-
2100 FORMAT(///22x,'SOL.UTE SOURCES OR SINKS DJE TO FLUID INFLOiS OR ,X2020 ...

1 *3UTFLDW'S AT PJINTS OF SPECIFIED PRESSURE'//22x,' NODE*,dX, X2.330 ...
2 SOURlrE(+)/SIN<(-)'/32xp'(SOLUTE MASS/SECOND)'/) X2040...

50TO 2190 X2)50 . ..
2153 WRITE (6,2160) x2060 ..
2163 FORMAT(///22XPENE-'RGY SOURCES OR SINKS DJE TO FLUID INFLOWS OR -,X2070 ...

1 *3JTFL:)WS AT POINTS OF SPECIFIZO PRESSuRE/1/22x,* NODE'BXa xX2080 ...
2 ' SOURCE()/SINK(1)/37X,'(ENERGY/SECON)/) X2090 .. .

2 190 o03 240) IPZ1,NPBC X21 00 . . . .-

I =IA3S (IPBC (IP)) X2110 .. .
rF(. PLITR(IP) ) 2230,2200,2253 x21 20 ...

22J0 Q)PU= LITR (IP)*CW*UVE:z(I) X21 30 .. .
GOTO 2300 x 2140 ...

2250 OPU=QPLITR (ID) *CW*UtBC(IP) X21 50 ...
2300 WRITE(6P450) I,QOJ X21 60 ...
24J) CONTINUE x217 70 .. .

IF(I3C T.E.J.4) SOT) 4500 x 2190 ...
N4S3UI=NS0J-1 X2200 ...
I NE U,: T=U x 22 10 .. .
D3 3503 I~J= 1Nsjil X2220 ...

I:..SO( ~Jx2230 ..
IF(I) 3'.3J,35J0, 350J x22 4 0...

33 : NCT~l X 2 25 0...
IF&1i:- ) 345', 3,#5J, 34b3 x22o0 ...

345 5 PA(/2x'TIP)N SQLuTE S~uPCES AND SINtK //22x, x 2 2 8 .. .
1 NOE',1J 'c()/0)()A (SOLUTE PAASS/SEC3.) x 2? 9 0.. .

, 3475 x 23 60 ...

34 75 CJ'NT I t x 2 3 4 . . .

35J cxr:~~x2350 ..

3 4 q'I x 2 3 0. . .

x 2. 3 . .
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C SuBRJjTINE S T 0 R E SUJTRA -VERSION 1284-2D Yll .2

SJBRJjTINE S T 0 R E SUTRA -VERSION 1294~-2D Y10O..

C PURPOSE Y3D ..
C**TO STORE RESJLrS THAT MAY LATER BE JSEJ TO RE-STAPT Y4 3..
r THE SIMULATION. YSJ ..

SJBROLJTINE STORE(PVECUVECPM1 ,UMiCSiRCITSdP3C) Y7)]..
IMPLICIT JOu3LE PRECISION (A--ifO-Z) Yd) ..
COMM3N/DIMS/ NN,N:-,NI'4,NBINB,-NBHALFNPINCMiNPBC, NUBC.f Y9)..
1 NS0PNSOjNBCN Yi~ J....

ODMMON/TIME'-/ DELTTSEPTMINT1OUR.TAYTWEEKTMNTHTYEA~, Ti110 ....
1 TMAXJELT~,DELTUDLTPM,,jLTUM1 ,ITITMAA Ti2?:....
DIMENJSION PVE-C(NN),UVEC(NN),PM1(NN),UM1 (NN),:S1(NN),RC:T(4N), Y13 3.....

1 SWd(NN)oPB(N.C) Ti1 43
Y 1i 50J. .. .

C ......REWIND UNIT-6o FOR WRITIN;- RESULTS OF CURR~ENT TIME STEP 10..
R E WI ND ( 06) Ti 7L ?....

r.....STORE TIME INFORMATION Ti1 90 ....
WRIT E(6ofl00) TSE>.DELTPPJELTJ Y20 ...

100 FORMAT(4D20.l0) Y210....
o 2 2 0. ...
C ......STORE SOLUT1314 Y230...

WRITE(6o,i 10) (PVEC(I),I=1,NN) Y 24 0j....
WRITE (66,i 10) (UVEC( I) fIl,'lNN) T2 50 ....
W R ITE ( 6 o p 10) (PM1 (1)PI=1,-NN) Y260 ....
WRITE ( 6 6p110) ( UM I ( I ), I = 1.NN) T270 . . ..
WRITE(6oti 10) (%OSi (I)fI11,NN) Y230. . . .
W RI TE ( 6 6o 10j) (RCIT(I)p1IlNN) Y290 ....
W RI TE (6o 1 10) YS()I=,N 300. .
W RI T E(6o 1 16) (P30(IP) ,IP=1i,N3CN) Y 310..

110 ;:JRMAT (4(1 PL)?0. 1 3)) Y320. 5. .. i
C Y330 ....

=ENOFILE(6o) Y340...
RETURN Y360. ...
END Y370 .. ..
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.. 'S...

44 100.9194 1.0000 634.095 1.00
45 109.5571 0.000 688.367 1.OuO
46 109.5571 1.0000 688.367 1.000
47 116.7202 3.0330 745.940 1.000
48 118.7202 1.0000 745.940 1.000
49 12.4405 0.000 807.015 1.000
50 12d.4405 1.0030 807.015 1.000
51 138.7520 0.0000 871.804 1.000
52 138.7520 1.0030 871.804 1.300
53 149.o907 0.0000 940.533 1.000
54 149.6907 1.0000 940.533 1.000
55 161.2946 J.0300 1013.443 1.000
56 161.2946 1.0030 1013.443 1.000
57 173.0042 ji0030 1090.786 1.000

38 173.o,.2 1.0000 1090.786 1.00 
59 18o.6625 0. 330 1172.934 1.000
63 18o.6625 1.0000 1172.834 1.000
61 200.5153 0.00300 1259.872 1.030
o2 e00.5150 1.0030 1259.872 1.000

o3 215.2099 0.OM0 1352.203 1.000
64 215.2099 1:0330 1352:203 1.000
o5 236.7,786 O.OGO0 1450.149 1.300".

66 230.79o6 1.0000 1450.149 1.000

o7 247.3354 0.0030 1554.052 1.000
o8 z47.3354 1.0330 1554.052 1.000
54 264.8778 0.0030 1664.275 1.000
70 264.3778 1.0)0 1664.275 1.000
71 283.4872 0.0300 1781.201 1.000
72 293.4872 1.03)0 1781.201 1.000
73 303.2263 0.00O0 19035.23 1.000 I
74 503.2283 1.00)0 1905.238 1.000
75 324.1701 0.0030 2036.319 1.00

76 3241701 1.0000 2036.819 1.000
77 340.3856 0.0030 2176.

4
03 1.300

78 346.3856 1.0000 1176.403 1.000
79 369.9521 0.0030 2324.476 1.000
80 369.9521 1.0000 2324.476 1.000
81 394.9519 0.0000 2481.554 1.000
82 394.9519 1.00)0 24 1.554 1.000
83 419.1538 0.000 2633.614 1.000
34 419.1538 1.0000 2633.619 1.300
65 443.3557 0.000 2785.684 1.000
86 443.3557 1.oc 2785.634 1.000
87 467.5576 3.OOO 2937.79 1.300
38 467.5576 1.0000 2937.749 1.000
89 491.7595 0.0000 3080.813 1.000
93 4-91.7595 1.0300 3069.813 1.000
91 515.9614 0.JJO 3241.878 1.000

92 515.9614 1.300C 3241.878 1.00.)
43 540.1633 0.00C 3393.943 1.000
94 543.1633 1.0030 3393.943 1.000
?5 564.3652 0.0000 35'.6.008 1.000
96 564.3652 1.00)C 3546.008 1.000
97 588.5671 3.0040 3698.073 .00-"
99 538.5671 I.0)00 3698.073 1.000

90 o12.7690 0.03O0 3850.138 1.000
Ij 612.7690 1.000 3850.133 1.000
11 o36.9709 0.0300) .0203 1.03)S
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S43j6.3331J6 o85.3749 1.0000 4306.3S3 1.OJO
147 70-?.57tB (0.0000 4458.393 1.000
1
63 ?Oi.5?o3 1.JI)0 ~458.393 1.000
1 J9 733.7767 0.0000 4610.4o3 1 .000
110 733.7787 1.00-50 4610.4o3 1.300
ill 757.9306 0.00)0 .. 7o2.523 1 .000
1 1? 757.9806 lOjC 4'02.52. 1..000
113 732.1825 0.0000 '14.593 1 .000
114 732.1825 1.0030 4914.593 1.00 -
115 86.3844 0.000 5066.653 1.000
116 00a.3844 1.0)00 50o6.659 1.000
117 830.53o3 0.0000 5218.723 1.000
113 630.58o3 1.0300 5218.723 1.000
119 d5.7862 0 .OOO 5370.783 1.000
110 654..7882 1.0000 5370.738 1.000
121 57a.9901 0.003.0 5522.353 1.000
112 678.9901 1.0)0 5522.853 1.000
123 403.1920 O.000O 5674.918 1.000
124 905.1920 1.0000 5674.918 1.000
125 i27.39.0 0.0O00 5826.963 1.000
126 927.3940 1.0030 5826.963 1.000
1,7 51.5959 0.0030 5979.049 1.000
123 951.5959 1.00)0 5979.049 1.000
12'4 Y75.7979 0.0000 6131.113 1.000
130 975.7979 1.0000 5171.113 1.000
11 1 9 9 9Ol 0.0000 62d3:13 1.0Il
132 9 .9i98 1.0030 283 1.o 000

L=ENT I.02-11 1.02-11 0.000 10.0 10.0 0.0 15A SCAL
1 1.001+00 1.001+00 1.1 1+00 1.0 1.00 1."0 00 15
1 e 1.001*00 1.001*Oo 1.00+00 1.0 1.00 1.000 ELEMENT-
3 1.E0+0 1.00 00 1.01*00 1.0 1.00 1.000 WISE
4! 1.00*0 0o10 0o .0 1.OOE100 1.0 1.00 1.000 DATA
5 1.009 00 1.00E00 1.0G9 1000 1.0 1.00 1.000

1 7 .07 l0 .OO0!J 1.01*00 1.0 1.00 1.000 .2
7 1.C715 0 1.001+00 1.001E00 1.0 1.00 1.000
1 . 0 01*00 .00 *0 G 1.O 0 . 0 1.00 1.000
9 1E.09 3 1.001*00 .? 1.300 1.0 1.00 1.000

10 1.0-11 1.0011*0 1.OOE+00 1.0 1.00 1.000
11 1.00E+)O 1.00E+00 1.00E+O0 1.0 1.00 1.000
12 1 .00)E+10 1.001*00 O)0E+3U 1.0 1.06 1.000
13 1.00E 0 1.00E+00 1.03E 00 1.0 1.00 1.000
14 1.00E+U I.00E1O0 1.00E00 1.0 1.00 1.000
15 1.001*00 I.0jE-00 1.OJE+03 1 .0 1 .00 1 .000
S1.001*00 1.00EO0 1.0 E00 1.0 1.00 1.000
17 1.00E+0 1.00 I OOE+00 1.0 100 1.000

18 1.00E+0 1.00E00 1.03E 0 1.0 1.00 1.000
19 1.OOE+33 1.0GE+03 1.00E00 1.0 1.00 1.000 .

20 1.00E+1* 1.00E00 1.00E00 1.0 1.00 1.000
?1 1.00E+00 1.OOE 00 1.00EO 1.0 1.00 1.000
22 1.OOE+00 1.00*O00 1.OE+00 1.0 1.00 1.000
23 1.00*E0 1.OOE*00 1.00E+00 1.0 1.00 1.000
2' 1.00E+00 1.00E00 1.00E+00 1.0 1.00 1.000
25 1.00E 0 1.00E+00 1.00=00 1.0 1.00 1.000
26 1.001E*0 1.00E00 1.0OE+00. 1.0 1.00 1.000
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27 1 .33E'20 1.O.00o 1O E+00 1.0 1 .00 1..)Do
2* .3 ) I.0C 1.OOEtOO 1. OE + 2 1 .0 1 .20 1.JOJ

3J 1.00E5J 00 1*Q 0*.j 1.0)E+0u 1 .01 1.20 1.000
31 1.03E*20 1.0uE+OG 1.005t2. 1.0 1.O1; 1.000
32 1.005*00 1.00E+03 1.)05*20 1.0 1.20 1.001
33 1.05*2 1.005*20 1.005*20 1.0 1.01 1.000
3.. 1.005*0 1.005*00 1.200 1.3.0 1.00
35 1.COE*30 1.DOE*03 1.230E+00 10 1.0 1.00
3o 1.005*20 1.005*00 1.005*00 1.0 1.00 1.000
3? 1.205*20J 1.005*00 1.005*00 1.0 1.00 1.000
36 1.03E+03 1.00E+00 1.33E*00 1.0 1.20 1.000
39 1.O0E+33 1.0OE+00 1 OJE+Ou 1.0 1 .00 1 .003
40) 1.005*20 1.00E,03 1.OJE.00 1.0 1.20 1.000
41 1.G05*20 1.005*+00 1.005*00 1.0 1.00 1.000
42 1.03E+00 1.005*00 1.005*20 1.0 1.00 1.000
43 1.005*00 1.03E*00 1.005*20 1.0 1.00 1.000

1.005*20 1.06E+00 1.30E+00 1.0 1.20 1.000
45 l.0,oE+OO 1.00E+00 1.005*00 1.0 1.00 1.000
40 1.005*20 1.03E+00 1.03E+00 1.0 1.00 1.000
47 1.O05*20 1.005+00 1.03E+00 1.0 1.00 1.000
4cs 1.205*20 1.03E+00 1.OJE*00 1.0 1.00 1.000
49 1.001*20O 1.00E+00 1.03E+06 1.0 1.00 1.000
5i 1.0,3E+30 1.005*00 1.005*00 1.0 1.00 1.000
5 1 1.005+20 1.005*00 1.OaE+00 1.G 1.00 1 .000
32 1.001+20 !.0,5*030 1.005*00 1.0 1.00 1.000
53 1.OC;E*20 1.2JuE+0 1.OJE+OJ 1.0 1.0c 1.000
54 1.QJE*)Q 1.06E+00 1.03E*00 1 .0 1.00 1.000
55 1.005*22 1.005*00 1.005*20 1.0 1.00 1.000
50 1.332*00 1.005*00 1.025 02 1.0 1.30 1.000
57 1.00520 .23*0 1.005+O0 1.0 1.00 1.000
50 1.001-+3j 1.205*00 1.005*00 1.0 1.00 1.000
39 1.05E*20 1.00x*06 1.O0E*OU 1.0 1.20 1.000
oG 1.0 E*20 1.065*20 1.))E+00 1.0 1.00 1.000
31 1 .005*)o 1.O0E+00 1.025*00 1 .0 1.20 1.000
62 1.OoS*20 1.00E+00 1.35*20 1.0 1.00 1.000
63 1.005*20 1.005-30 1.005*03 1 .0 1.00 1.000
6.. 1.06E*30 1 OOE+Ou 1.205*20 1 .0 1.00 1.000)
35 1.005*20J I.001+00 1.005*20 1 .0 1.00 1.000

1 156.250-0 1.000-0 017 FLUID
2 156.250-0 1.2OL-o SOURCES

2020 2u 2 '020002200 2000000000002020200ooOOOJ O) 30000000000220DO00000000000000000000
132 5.30020200 019 SPECIFIED
131 980100.02020220 PRESSURES

ljJ03J)0Oj33,0O0J0j2)2J300020003)0CJ00OJOG0u0000000000300000000JOOOOOO0000000000
11.02020202o 020 SPECIFIED

2 1.02020200 TEMPERATURES
102ujoj200200~,002.)2002020000000000000000000000000000000000000000000000

45 021 OBSERVATION NODES
34 52 o4 72 0

1 1 3 4 2 022 NODAL INCIDENCES
2 3 5 4
3 5 7 3

7 1v

1 13 14. 1 e

7 13 15 1b 14I
3 1) 1? 1d Ic
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• % .

9 17 19 23 18
10 19 21 22 20
1 1 21 23 2'. 22
12 23 25 20 24
13 25 27 23 2o
14. 27 29 33 28
15 29 31 32 30
l 31 33 34 32
17 33 35 36 34

18 35 37 36 3o
19 37 39 40 3"
2J 39 41 42 40

21 41 43 44 42
22 43 45 45 44
23 45 47 48 46

24 47 49 53 48
25 49 51 52 50
26 51 53 5' 52
27 53 55 5o 54
2 5 5, 57 58 56
29 57 59 63 58
30 59 61 62 60
31 61 63 64 62

32 63 65 60 64
33 65 67 68 66
34 67 69 73 66

35 69 71 72 70

3o 71 73 74 72
37 73 75 76 74
38 75 77 76 76

39 77 79 80 76
40 79 31 82 80
41 31 33 84 82
42 33 35 so 8'
43 35 37 88 80
44 87 39 93 86 d
45 89 41 92 90
46 911 3 9'. 92
47 93 95 96 94
48 95 97 96 90
49 97 99 133 98

5 1 99 101 102 IOU,
51 131 103 13. 102
52 133 105 106 104-

53 105 107 108 100
54 137 109 113 108

55 139 111 112 110'

57 113 115 116 1 14

58 11, 117 11 1 16

59 117 119 120 118
60 119 121 122 120
61 121 123 1?4 122
62 123 125 125 1 2.
63 125 127 123 12o
64 127 129 13. 128.
65 129 131 132 133
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UNIT-55

00+203,0+ 30+'2o 00+06]
-22 00 00+Oc 00+06

30+30 30+06 00+00 0D0Ot
;O+)o )D00 00+06 00+06
)2+oo JD+.0o 00'Do 00+06 --
c03.Oo 30+2o 00,00 00+06
02+3o 3 C+ -o 00+06 00+06
O0.3b 00+00 ~ 00+06 00+06

30+3o3+000+06 00+06
J 1+ 06 JO+Oo 00+36 00+00
C00+ Oo 30+00 J0+06 00~06
02+25 00+06 00+26 00+06
02+2o 30+00 00 + 6 00+Oo
02+36 JO+Oo 006 J0+06

02+Oo 30+06 30+06 00+06

33+35 00+05 00+05 00+05
00+05 30+05 00+05 00.05
.,+5 30+0 05C O0+05 00+05
2+25 00 3005 00+05 00+05

[0 35 30+05 00+35 00+05
00+05 00+05 00+05 00+05
o3+05 DO-05 00+05 00+05
09+35 00+05 00+25 00+05
00+25 00+05 00+05 00+05
O0.25 00+05 00+05 00+05
33+35 -0-+05 00+05 00+05
32+05 00+05 00+05 00+04
00+35 00+05 00+05 00+00

20:05 000+05 0.000 00005
3300-5 00005 00005 00004

0.0 0+400-00 0.000
.0005 0.00 0004 000-00

).002-00 0.000-00 0.000-00 0.000-00
0.003-00 0.200-00 0.000-20 0.000-00
0.000-20 0.000-00 0.000-00 0.000-00
0.000-20 0.000-00 0.000-00 0.000-00
0.002-23 0.000-00 0.000-00 0.000-00

m .00300 0.000-00 0.000:00 0.000-00

0.000-30 0.230-00 0.000-00 0.000-00
0.000--31 0.000-00 0.000-00 0.000-00
0.203-2a 0.000-00 0.000-00 0.00D-00 -

0.200D-2 0.0D-00 0.000-33 0.000-00
).032-20 0.000-00 0.000-00 0.000-00
9.000-20 0.003-00 0.03D-00 0.000-00
0.000-22 0.2000-00 0.000-00 0.000-00

0.0-0033-0000-0pOD0

0.000-30 0.000-00 0.000-00 0.000-00
0.000-20 0.200-00 0.000-00 0.000-00
0.203-10 0.000-00 0.03D-00 0.000-00
1.030-30 0.000-00 0.000-20 0.000-00
0.030-20 0.000-00 0.000-00 0.000-00

*.JDO 0.00C000-0OOD

0.030-01 ~ ~~~~ ..O-3000-00000

O.OUD-0i 0.000-00- 0.00-0000



3.000-00 0.000-00 0.000-00
1.0-0 .002-OZ 0.000-00 0.000-00
0.3-i0.000-00 0.000-00 0.300-00

0.0002 0.0)903 0.000-03 0.00000G
3.00030 0.010-03 0.03D-06 0.000-00

O.003-00 0.030-0o, 0.000-03 0.000-00
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Appendix D:

Output Listing for

Radial Energy Transport

Example

391



. .a ,, a a a .* : : a : -,: . .. . o4f

* : , : •: a : a :* a a ," • • -* a 
a , a i 

o

* , .C, , : a : :* a , a : , a: • a • a: • , • a a* a a a a " " -a"* a ~a a a* a : : a :a.
* : : : a : :

* a a- 
a a -a. . .. a a • . .* a a • : a

* a a a , :* a :a a a, a

. ... ..a a- :* a a a a ...
* a a aa a a* , : • a a a -

* .- : . a : . : .. a.i
* : a a- a a a ,

* , a- , : , a
* a.. . ... : C

4 a* * a "
* : , a : C - C*

'1444, .u: a a a

* : -,, : a a a ,,* , • a, .7 " a a .-
* a , 0 a Cm..

a 
, . 0 .

- *-- ' - . ' . i '2 , i ' " . - . . . i ' - . - . . ..a 0 .. 7 ' ' . - . , "a . . • .-- .- -* ,-a .Z . . , - 0 ,a a- a , a.
" *- ; C - i " - " " - -* -' ' -- - - -" . . .- -"" ,.. .:-a'.'.-a.,,'- , 4- , 7- . C -a- - ,a-:. ,,a..-. ,.. .. .', :o '.-i -... ,-.'.. .



-- * 4 4 *4~.4 '. * - L . g .*.0 2)

* 4 I2

* 4Is

4i I m

* 4 S 5 m

* 4 5 52

*E 4 5 .

* 4 5 I A 3g r
*c * ss

*T 4 
r 0 - l*~1 Z I

*l 0 IL WA4.

* 4 0 0 0 7

* 4 I 5 4 0.

* 4 45 * + S L '52 40

* 4 S 4 + LA -3C0

* 4 4 4 4- i~394



I
1

ft

-S

-4

SI

*1

-I -

0 ) a- j
0 t -'-9 -r .-S

7 a 0

'LI 3

LI I
- .4 a

Li- IA 7 - .4
0 '-.4 iA iii Li.

~ 7 LAtA iii S S A

o a.z -' .4 iLL '.3
LI LLJ4 LA ~LA-J 4 .4

.4 i-I-- 0. .- iuiuj 'Li S
z IA mn'.si .4 .4

0 - 0i1 7 1

o 0. 7 U~O.Z LA 4.41.4 0 S
.4 1.40 LA 0>4 I

.4 - ~I-LI 0.4 '5 a.4 Li' LI
LA L-'5iLi iLl A 0 4

- 04 ii' fr4 2 047 lid
iiJS 2w LA- 2.4.4 0

C) 5iA.4 Li457 0 40. .4 2
.4 QLi-.4.-I .42 '5iA - 0

.4 LI? Li" 5.4 tA
4

.4 2
02 Ii l~i.4 Li) wOL) .4 LA

o G.LIO -J40. - - 0. Ii) 2 LI -

0u4.4 Li0'iJ iii ii '50.4 iii
U) iTh >01 2.4 a - .420 - a q

4 .4 '-1 '5 LI LA 24.4 2 0
.42.-i 4 ~Li 0 r LI iii 2) Li-
4.45 4004 3 .4 LI'5

2  
1 4

0 1-I .41Z .4 5 .4.4.4 .4 4
2) 1-4 .4iJLi -42 -i .4

7 7aA .441-. 00 0 Li- I-Li.4 iii Li, 0

33 .403 7.4 4 - .4.4 .4 .4 72
in aLL. .4Li4 '-40

01-n .4 0 LII- 2 7 %..40 - (is
iSLAiLi I704 2) .4 U).47 4 7
0040 fl~0 00 .- 41 LA

.41-ia 4.4 Li .4 217 LA .4 2 -~

.4 .45.4 IL-. .4 .4U) Lii 4 LLJLI Lid 0 0
o 4L4 0.04 DL- U) LI .44.4 Lii Li 4 .4

.41-4 -44 .4 0.40. .4 .4

.4 1.41 Li-al 00 -J '.4 4G. 2) LI 0 I-
4) AG.) LAG. C) iS Al- C) .4

1.41 .41 Li) 0 Li 0Li-7 UI4 J :, 7
.4 'flLi4 32 5 074 44 IS .4 2

2 4.4M 5.4.4 04 .4 0 lii 5.4 .4 Li- 0 0 r

4 7 1 .4 5 4 -.L.4 L LI 7 ii '5 0.. .4

o 1.41 I-Il aL- - 0 0.40 lAY - - LI -
0 0.40 .4.4 2 2 2)

LI 7 7.47 4 .4 .4 a . I

C) a 4 4 C)
0 Lii 110-Li. a .4 7 Li'

.4 000 0-li.
4 LAOLi' CLiC)U) 0.- LI 7 00 0 0 0 ILl

iiflili i0.or'i ILi .4 L-I-. 7 7 .4
4 riG Li ClOG 4 .4 277 I-I'- 4 .4 Li-I .4

.50 OiiJ(~) 0, .4.4.4 00

.4 C)fl OOC) Li- 4.44 i .4 Lii Li- 4
.- 0 .0 G.G.G. 0.0. - - 4

C, )'JCI .- Cl 2) .4 4 II Lii 5
5~ Ni .44.4 4.4 J .4 -

a . . a 0-LILJILL G.iILJ 5 2) CI- .4
A 001.1 00 '.5 '.3 I

I - 114 777 77 .4 .4 iii 2
NJ 44.4 44 4 4 0

Li-i 5 LILILI 00 LI LI Li- 2

Li C) LII IS I L Li-.

S
~1

395

S

- 'I

- -



-:

13 0

.4
- 0J

o u -o

o zo o o
-7 .. . .. 0 4 3b.

o 0 . . . . 0...1 - .,.

Z 1 7Cr0 11A--

7 IL--0 1.4 . . 4 -
~

.--. . 0 0- -,4 1 5 I4



we

0*4

Cr 44

14 7 4 7

Cr 'A 'A -
.1 4*11*414

0 000In-U4
(-In aa~

-4 14 '-A A E 'A 'A
2' ~4 4411-11-1>.
4 In LLU-7

0 0
C

'A 4 >.C-4441~1
In 14 In'-~2'Z'A

- Cr 'A .---. 000In
0* In VIflI.-14144

'A -o 44 r-a(
0 141- - InInI(In(In

14 ((-4 7 4Cr 72'
Cr IL In I4ILJS00uJ

'A 'A CrCr01414~A
o 'A>. Cr Cr Cr
2' InIIJInC (Al rtILrrIM
'* 414Z*~ Cr 14~) 1414>

44211'( A SSu,71'A
A 14)143 In 4In 14~-dIn 2'
Al IAQ~1-ICr 0 *7(5474
A I S tO 4In24InCr

4>1-Cr 0 774771.-

2' 4

14 1.' a
r c-fl---- -Joco - -1-0000

I 0 In I
0000 4 000000

'A 0000 - >1 000000
In 01400 4 000(1400

7 - 0000 - 4 ('JAJCOOfl
4 0 0 0 14 U 0 14 00 0 0

0 7 . . 4 y-- ('J It -- 0.~Q
o 1

In 0 Cr
0 - S

4 14 0 2'

7 II a 7

4 0 7 14

7 U A

.1. 14 tL 14

14 A- 14 IA-
7 0

2' 4 I~~ 7 14

S

397

S

- - --------------. I



*o

c0
1 ~ c3 4D

-oo C0
o 4..o 03

-~7 W--



03

4n

0 o04

C,. C) 0

-, IILo

o, m 0

0. C,-~t 00 0 L

-no0

* 4 03

7 It 0099



.S::

I.-I

* I

-J-

Lu I

Lu I .

2

-.- I
I'-"-" 40

L-i . "-':

• .. .. . : Lu . -. • . I . ° % ° % .



o 0 0 cl 0 0 0 n C3 0: 0 0 n 0 0) 0 o0 0
o 00 0 0 0 0 0)0 00 00 )o 30 0 0 00l

0) 0 0 0 0 0 0 0 00C 0 0 00C 0 00 0' 0 0003
C0 0 0 0 0 0 n 0 0 0 0 0 n 0 0 CD C 0 03 0 0 0

0 0 0 0)0 0 3n0 0 0 a 0 0 0 0 0 000
0 C3 0 0 0 0- 0 00 0 0 0 )n0 0 0 0. 000C 0 0

.3 ot 0 0~ C) 07 oV C3 n 03 C0 C3 C3 4 ' 0 0 3 3 40 0

0l .- 0Jt' w 4 n -0 wP'. r:O 00.w'V'V10

n 0 00 0 0 000 C 0 0 00C )00 00 0003

01 0 0 0 n 0 0 n 3 n 0 )1 0 0 0 n 0 0

0 0 0 I' 0 0 0 0 n 0 0 0 C0 0 0 0 03 0 0 0 0 0

000 000 0000 000000000

nU C)' C) Pn 0 nt a n n ( n n n Pn 0 C.3 -l 0 Pt' n C)
0 0 0 0 1)o 0 3 13 U, an 0 o 00.n..3C3 0

0' - )0n00C 30C 00C 3C ~ )C

a00a 000 0 3nmnCD0 0 0000n0n0 00 0

0000V0-r0 0 . t0 M C) 000 0 00 00 0

ni~ a a. nV n 0 0 'V 0 0 00 '3 C 0 0 0 C' n 4 0

0 a-)0on0C 3a00 )C )00C

000 C nC 30 0 0n0 00n0000 0 0000C3
00a nC 00 0 00 0000 0 000 0 00 0 0 0

0000 0000 00000000000

C. 0 0

It + 0 0fl-7P3P- 00000 0000 a0 00 00 0 0 n0a0

z CD00 7 C C.-p-- 000000000000 00 0 0000
0 z 0 0 0

I- n 0 000000000n C nC nn0

no 0 On0000000nc) Dno O
0 'V 0 000 03 0 000c

- m 0o 00000000n on 00C00.

0 000000)a0 000 0 00 0 0 n NC3 iliC'V'
00 0 0 0 0 00 0 0 0 0

0000.00 0000000 000 00

40 00 0 0 0 0 0 0 0 0



+ + -- +r + .uu- ..- . -

m 000 0030 0 00 00 0 000a0 M0 00
0'000000-:-.-Ooenoen3- ON4'0

enF'N 0-,-, 000 0- C3 en N C 0 nD

10 -O v a nNN- - - O -N- - - - -0-

a0C 0 a0'0 '0o 0 '0 ( 0 0 n en en en en 0n an
n 0 000000000t000:20000r00

.'04N4N0 0 04 ne
N 0enen n 0 4 en 0'0 n ,00

(MI -- N0ti, 4Jt .% 0N Fa - 0

'0

0~~~~ 00 00 0 00 00 0 00 0

0 0 0 00 0 0 0 a00a 0 0a 0 0 0 0 00 m
4 no go 10 0 n 0 N4 NNene 3NN n0

C) 0 enN0 n 4) 0O n 0'N N 0 n40

N n0e 00enf n. e '04N 0

.' e 0 0 C3 0 4 NNNNNN4N0

a' 00-0 00 0'a C0 - ~ o o n en4e N0 n o n

eneneNNN---0'N0O4ON.-0N0

Wu 400N 40 Na M 0 M O4 N04

0 0 0

~~~~~ 0 0 0 0 0 0 0 0 000000

+++,+,+..,+,,+ * +.. ** #
000000 0 00C0 000000000

O ~ ~ O e 40-e. 304-OeenN t0e

Ven S.0 en ND N n . en0 NNNNOe '

00 en, N 3, r3 Den e -en 40 N., n 0 n4 0

402



r a

-c)2* CC3 C-

10- CD)C

o~ CMC-3C0

w~C 0 0

IC , cCC o n

o c3 )C

Ao c)CWC Cn '

)~C)C403



w a 0NC) OC) C) 0 C304C)OC)'4 n C3 a r:) 1:3 0 C) 0
N.44 04 .0 0 0 0 3C3 00 n003 000 C)CC)n)I'll I I

.i 0 O CD 000 3 C3 0OC) ) C) 0 S n 0 I CD C .....
0 4 O C) C, 0 0 0 0 m0 n0 00C00a 

0  
44 40D40),

0434,4 0 0 a0003 00a 003 0 0 0 D4a0 0 N -:24 444C

.. 0 0C30 0 0 00 m a a0 0003 0 0440 44e 0

*4 7

0 4C3 O 4 Ow . 00o o o o ~ ~ ~ O 0 4 CD 0 010
4~~4O0'f4OC)00O00C)OC)00O0)) .NG404

000C3C,0 0 00C003 m0 0 C0 m 00 C0403 4 00 0 N w
0 0 C3 3 0 3 00 (3C3 00 C 0D 40 C) :0 00 0. 10

0 3 3 n00 (D 0 )n m 0 (DCD 0 4040.N0GD"

400.0N "4.-003c ) OC)O0OK"3nO0 I I I I I I IS II
I'40' 40 00000IJ C)0 000OC . . .. O000.0.0

N;!- .0 0 0a010 C)C30 0 C00000 I- 0400404004.

0 0 CD 0)C C)CD0 C)0003 000C 000 CD- C0 CD).D CD O0N
0~~~ ~ 0 0400 C C 3 3.3 340C)() 0m

C) 0 0 0 C3 C) 0 C 0 3C0 C) n 0 404 n ,.CC04
2,00 :N40N.0,.

0 444 v O 134l

t0 1 O 4 000C3 0 000 300030!) 0 n 444 n0 1301300001 rI0 100

'4N. C04000000000000 a 40-0:24040.NO

0 4 -0104-14i"4.00

X-C)0 3 0 0 nC) 0 0 0 0)0 C) C,30 0C) 4- N 0 4.4 4

I~~ ~ ~~~~ ~ ~ ~ ~ '\ 0- 40 400 fl 0 40 -3 0)D00C 3- -' 3 u0 N

Z C, n4 C C , I
4.4.'~ ~~~~~~~~ N.444 ":2 0 ( 40 0 J J ) 0 )J ' . .

I ~ ~ ~ ~ ~ ~ ~ 4 I II 3 
0 .* 4 00 *C33000 l l) ,30 C C)0'

C) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C 1)44 N:'CC.04))))COCCCCC0))) 4CO00)))

-1) ,4.TI *744 0 )I 310 0 C)0000300000000 C0 0 130 40 0 13 r3 1

44~~~ ~ * 4D 4 (3, I II 0 '3 r3 0 3 0 C) 000 0 4 044.'.0-w K 40 04

C: n S C) 0Nl"4ffl% 7 1 1 1 C ,C1N

0 C)NO04404

-~ ~~~~~~ .i4 0 C0 'J4 .O'. ,0 4 4 1 0.' . ' .- .- f.40.0..'.O.0.



* 'P -- - - - --' - - - -- "

O 1 0 C) 0 u 0 C
11 0, n.3 0D C) ) 0 C )
0: 0 C) 0 0 0 C3.0 00

C)n C) 03 C"3 0 0 0 0 0
0 0 C3 03 0 0) 03 0 0
n 0 n0: CD 0 a 0' C3) n
0 30 0 0 '-0000

03 0000 C 0 1-)

0: C) 0 03 0: 0 03 0 00

00 noo 37 0 00 0

o N C) * ' 0 () CD

'[100 OC) C) 0 .40 '3

o D 0 3 0 00

0 ) 0 0D 0 o 0-, 0 00
00000000000

00 00 00 11 o D0 0 0 0

>30 Q l n 01 1 a o '

-c)N~*J' -, c>CU 00 3c 3r

' C 00 000 00C C 30 0 0:

n) 0. 0 30 0 00

13 4) c0 ) 000 00
00000000000c)n on

03 0 C30000000000 1313

n0 )oaoo c

"I )- 4 0 ; V' r;0O, 8 oS

C- 3 0 0 0 1,3 0 00 0 00

n 0 '3 0 ) 0 0 00

-3: 0 00000000 003

40



u-S

2 2

z Li

:3 00
_ 0ii

Li 13

ILIL 0 0

iCl 20 i ciI

0 O0 LA

2, di Ii n .J0

t~ii* 0 L

I t.....0 0 2 +

.. iinL LA~i& i N C

d~iiiAL~li U

0406



C C. C• Co CC , •i C. C i •n CC • . . . . ,-

I C'1+ "10 ta-V),' C~j . '-)1 C C)C C ' ':''

,,a2 n S h. n - )C 'C'.f '

C' 0 • • •. .~n ,CCO. • . • .C. .

-4 .- . .n . . • •C • • • Cn , • •

.- n ;'.On'C iiS I:" "~~
........ .; ............... '''''

~n~nnni-i@ O tnO-"N

nC,,CC~iI 'a~r'C'--.ni- . -l'

, • ON 0 • • -N .-. • • • • • • C i- C C''• •

(C'S 'nCI~4C.:.SC. *it'(CC

• _ " * - . ....... : ........ ,; -1W:: -, .C .,t(CS..: f.O7. ,-C_.i - < : : C ,C



~ - -- -;-v-. O-

u-j

a t

o 4

o . _ . ,.' a: J"

0000"- :,"" 2 "7 :
-, ' -. 2)J ) U .

no-...2-J- i--
o J ) K .i2 U) 2 ) U)u J •

* U-LY.?.. .-
408 " 7ii'' U

-:. . - '. ..: -. . . "C.: 2 . : " . .- ' -- . v .. . . -.. . " ., . -



aIN a 4 .. @ N.

01 CIsC
I- 000000
4 N N .4 0 Co
a -s maC o a o
a C/C .~ 0 TI ..t 0

N I r.CCN.N,-oo

* 000000
* 0'~I00C~C0

0 C
I ~toooooo

Z I aoooooo
-~ 0 0 0 0 0 0
Cr a a a a a a
Cr N. N. N. N N N
CU 00 00 0 0

o a en CO 0 /C -,
a CN en 0CC 00
01 SCSI
1-000000
4 CCC - N. 0 C/C .5
a CoO a en - -,
<S "CO Co 0CC/Ifl
a no o.-. Cr CC.

-, I.OOOON-.4

C C...CIC....en 1.?

I 000000
C 00 0 0 00

o C 4444.4
0 I 11000000
? C

0 Co Co .0 Co 0 Co
CCC .4 -, .4 .4 .4 .4

<a CCC C-Cenenen
a. S

CU Co 0 Co N -
a 00000
0111111
1- 000000
.15 CCC en N CCI 4 IC
a N N NO NO
CCI a 'C 0 0 Co 0
a C.C Cr Co C Cr

N C ~4en000CCd

C I'ONN.-.'C a.
en C US 0

I 000000 C/C S
U C 0 0 000 0

4 0 I 44**44 his
0 C .C1000000 S.

0 j4*4444 I-S
Cr 000000
*,ao.oaaa CL~
1,10000.00 05

o 5

0 aCCCCOOCCCC 'US
StIll 45

1-000000 a.
0 'IN.)en C/COt 55

aN-Co.-NenCr 05
UCoNCo~'CtCCo 145

avCJenC,15COea
* r sn-n s-aC C-.

C C.~-N00a~

C 000000 1-5
U C .3 ~ ~.3 Cx) 0 C) 4
0 I 4115444 25

0 CC C 110CC 01.3.3 .115 5
2 C ~CCCC000CC I C

./C 4.4 4 .4 4.4 CII S
Ct~ 5459 1-5

a 25
a NC N N CCC CCC CCC 0 5

... 'CCCtCCCCCACCC.tC 45
C.~C CC NC NC 0 CC CC .4 5
CAdS *4*45 35
CrCCCCCCOCCCC I S
.110/CO/C I/C *.4.

a a, 0.4 a C.C CSC N Cr *
7-.~ CCC Co N N.
11N0.CCCC 45

<S 1-3Co04 'JO a.

9'CCON5 05

N - Cr OCr CC Cr
CC CS 4C.'CON

S

409

S

5 . - .. - - . . -. C **, S. *. *. .



0-- -- -.
- ~ ID32  jJ~f2.2

11111l2.0

I1IJI.25 11111_-4

I7 V3


